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Abstract
Phase equilibria of polyethylene and ethylene-copolymers in sub- and 
supercritical solutions are investigated in this work. Fluid-liquid and fluid-solid 
phase transitions data are measured for tetracontane, a prototype of linear 
polyethylene, in sub- and supercritical propane, poly(ethylene-co-hexene-l) in sub- 
and supercritical propane and ethylene+ 1  -hexene mixture, and poly(ethylene-co- 
octene-1) in sub- and supercritical propane and ethylene. The experiments are carried 
out in a batch optical cell equipped with a transmitted-light probe. The experimental 
data are correlated and predicted using two equations of state derived from of the 
Statistical Associating Fluid Theory (SAFT).
In the case of tetracontane + propane, increasing the tetracontane 
concentration and increasing pressure increase the fluid-solid transition temperature. 
Also, increasing the long-chain-n-alkane molecular weight increases the fluid-liquid 
transition pressure. The SAFT predictions are in a reasonable agreement with the 
experimental data for both fluid-liquid and fluid-solid transitions.
For poly(ethylene-co-hexene-l), both poly(ethylene-co-hexene-l) 
concentration and molecular weight have a relatively weak effect on the phase 
behavior. The fluid-liquid pressure and fluid-solid temperature decrease as branch 
density increases. The fluid-liquid pressure depends strongly on the solvent type. 
When the ethylene concentration increases in poly(ethylene-co-hexene- 
l)+ethylene+hexene-l mixtures, the fluid-liquid pressure increases, whereas the 
fluid-solid temperature decreases.
xii
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For po!y(ethyIene-co-octene- 1 )+propane, the poly(ethylene-co-octene-l) 
concentration has a weak effect on both fluid-liquid and fluid-solid transitions in the 
range of 0.01 to 0.1 polymer fraction. Increasing the poly(ethylene-co-octene-l) 
molecular weight increases both fluid-liquid and fluid-solid transitions, whereas 
increasing the poly(ethylene-co-octene-l) branch density decreases both transitions 
in poly(ethylene-co-octene-l)+propane system. Only fluid-liquid, cloud-point 
pressure, is measured for poly(ethylene-co-octene-l )+ethylene. Furthermore, the 
fluid-liquid pressure strongly depends on molecular weight and short-chain branch 
density, but weakly on polymer concentration in the range from 0.05 to 0.15 polymer 
fraction. Poly(ethylene-co-octene-l) solutions in ethylene exhibit upper- and lower- 
critical-solution-temperature behavior only. Once again, SAFT calculations are in 
reasonable agreement with the experimental data.
xiii
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Chapter 1 Introduction
Polymeric materials are commonly processed in the form of sub- and 
supercritical-fluid solutions. Such solutions exhibit rich phase behavior that depends 
sensitively on temperature, pressure and composition. Understanding the phase 
behavior of such solutions is key to developing novel polymer synthesis and 
processing technologies. The supercritical-fluid solution is defined in this work as 
having a solvent above its critical temperature. Such supercritical-fluid solvents have 
gas-like viscosities and diffusivities, but liquid-like densities and capacities to 
dissolve polymeric materials.
Polymer Processing from Supercritical Fluids
The crucial challenge in processing polymeric materials from solution is how 
to separate the solvent. The conventional ways to separate the polymers from sub- 
critical liquid solvents are either by evaporation at low pressures or by dilution with 
an antisolvent The supercritical solvents, on the other hand, can usually be separated 
by rapid expansion. Such a rapid-expansion separation with supercritical solvents is 
much faster and allows for a higher degree of flexibility in controlling the material 
morphology, for example, the shape and size of particles and pores. This rapid- 
expansion separation is applicable to supercritical-fluid and polymer pairs that 
exhibit complete miscibility. Pairs that do not exhibit a complete miscibility can be 
processed according to a hybrid approach: we dissolve the polymer in a sub-critical
1
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liquid solvent, but then, instead of evaporating the solvent, we pressurize the solution 
with a supercritical antisolvent to form the solid material.
In all these approaches, the final material morphology sensitively depends on 
the phase-diagram path and the rates o f changing the pressure, temperature, and 
composition; from the initial solution to the solvent-free material. It is the choice and 
optimization of this path that is the key to achieving a material of desired properties 
in a reproducible fashion. This, in turn, calls for understanding the solution phase 
behavior at high-pressures.
An example o f a high-pressure polymer-solution system selected for phase- 
behavior study is linear polyolefin of variable crystallizability, poly(ethyIene-co- 
hexene-1), EH for short, in three types of solvents: propane, an example of a sub- or 
supercritical solvent candidate for rapid-expansion processing, hexene-1 , an example 
of a subcritical liquid monomer or solvent for conventional evaporation processing, 
and ethylene, an example of supercritical-antisolvent component in mixed solvents, 
for example, with hexene-1. Other examples are poly(ethylene-co-octene-l), EO for 
short, in sub- and supercritical propane and supercritical ethylene; n-tetracontane, an 
n-alkane prototype of linear polyethylene in sub- and supercritical propane.
Literature Review
Many studies have been published on the polyethylene and ethylene- 
copolymer phase behavior. deLoos et al. (1995) studied the influence of branching 
on high-pressure vapor-liquid equilibria in ethylene and polyethylene systems. 
Wohlfarth et al. (1992) investigated the phase equilibria in mixtures composed of 
ethylene, 1-butene, 4 -methyl-1 -pentene and a polyethylene wax. Heukelbach and
2
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Luft (1998) reported the critical points of polyethylene+ethylene mixtures at high 
pressures.
Regarding the phase behavior of ethylene copolymers, the cloud-point 
pressures of poly(ethylene-co-propylene) (EP) in sub- and supercritical olefins were 
measured by Chen et al. (1992). Chen et al. (1999) and Chen et al. (1995) studied the 
phase equilibria of poly(ethylene-co-l-butene) (EB) in olefins and propane. Hasch et 
al. (1992) measured the cloud-point pressure for both poly(ethylene-co-methyl 
acrylate) (EMA) and poly(ethylene-co-vinyl acetate) (EVA). These are weakly polar 
polymers with ester groups interacting according to their permanent dipole moments. 
Luft et al. (1987) investigated systems with even stronger interactions including 
poly(ethylene-co-acrylic acid) (EAA) and poly(ethylene-co-methacrylic acid) 
(EMAA), which can hydrogen bond intra- and intermolecularly.
While much work has been done to date, the polymers used in most o f the 
previous studies were neither well characterized nor uniform in both molecular 
weight and branch distribution. Such non-uniformity creates difficulty and 
uncertainty in modeling. Moreover, most of the previous studies are limited to the 
vapor-liquid and fluid-liquid phase behavior only; data on fluid-solid or vapor-solid 
equilibria are almost non-existent, especially at high pressures. And yet, such data 
are crucial to develop thermodynamic models of the polyolefin systems.
Objective and Arrangement of this Dusertation
The objective of this research is to contribute, experimentally and 
theoretically, to the understanding of the phase behavior of polyethylene and 
ethylene-copolymers, poly(ethylene-co-olefins) in particular, in sub- and
3
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supercritical solutions. The scope o f this work includes both fluid-liquid and fluid- 
solid phase transitions. The approach is to measure the phase equilibrium data, and to 
correlate and predict these data using a thermodynamic model.
This dissertation is divided into five self-contained but closely related 
chapters. Chapter 2 presents the fluid-liquid and fluid-solid phase equilibria o f n- 
tetracontane, an n-alkane prototype of polyethylene, in sub- and supercritical 
propane solutions. Chapter 3 provides a detailed description of the experimental 
apparatus and procedures, which is illustrated with an example for poly(ethylene-co- 
hexene-1) in supercritical propane. Chapter 4 documents the fluid-liquid and fluid- 
solid phase transitions of poly(ethylene-co-octene-1) in sub- and supercritical 
propane solutions. Experimental as well as theoretical data are reported for both 
transitions; this is the first attempt to model the fluid-solid phase transitions of 
polymers at high pressure. Chapter S reports the fluid-liquid phase equilibria data for 
poly(ethylene-co-octene-1) in supercritical ethylene. Chapter 6  presents both fluid- 
liquid and fluid-solid phase behavior of poly(ethylene-co-hexene-l) in sub- and 
supercritical propane and ethylene+hexene-1 .
4
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Chapter 2 Fluid-Liquid and Fluid-Solid Transitions of Tetracontane 
in Propane
Introduction
Long-chained normal alkanes form miscible solutions with propane at 
elevated temperatures and pressures and they are low-molar mass prototypes of 
polyethylene solutions in propane. Understanding the phase behavior of such well- 
defined solutions is important Experimental data on the phase behavior of binary 
mixtures of propane with long chain normal alkanes are scarce, especially on fluid- 
solid transitions at high pressures. Peters et al. (1992,1993) measured such data for 
tetratriacontane (C38H70) and hexacontane (C60H122) in propane.
The goal o f this work is to understand the fluid-liquid and fluid-solid 
transitions, of binary systems containing a normal alkane and propane. The approach 
is to measure both transitions with a light-scattering probe for tetracontane (C40H82) 
in propane, and to use an equation of state to correlate these and other experimental 
data. The equation o f state used in this work is SAFT (Statistical Associating Fluid 
Theory) proposed by Huang and Radosz (1990).
Generic Phase Diagrams
Figure 2-1 shows a generic P-T phase diagram of a propane ( C 3 )  + normal 
alkane (C„) system, which is of type V in the classification of van Konynenburg and 
Scott (1980). When the difference in size between the two pure components
5









Figure 2-1. Generic pressure-temperature phase diagram for a type V propane ( C 3 )  +  
normal alkane (Cn) system.
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X  normal alkane
Figure 2-2. Generic pressure-concentration phase diagram for a type V propane (C3) 
+ normal alkane (Cn) system at different temperatures.
7
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increases, hence the degree o f molecular-size asymmetry increases, a liquid-liquid- 
vapor (LLV) region develops and the critical locus becomes discontinuous, as shown 
in Figure 2-1. One branch of the critical locus connects the critical point o f the less 
volatile component (C„) and a lower critical end point (LCEP). The other branch of 
the critical locus connects the critical point of the more volatile component ( C 3 )  and 
an upper critical end point (UCEP). The three-phase transition line (LLV) connects 
the two critical end points. Peters et al. (1989) report the LCEP and UCEP values for 
different propane + n-alkanes systems.
An FS transition curve is also shown in Figure 2-1. For normal alkanes, the 
FS transition curve shifts to higher temperatures as the carbon number increases. For 
large carbon numbers, the FS transition curve can overlap LCEP; for example, for 
propane + hexacontane, as suggested by Peters et al. (1993).
Generic P-X phase diagrams at three different temperatures corresponding to 
Ti, T2, and T3 in Figure 2-1 are shown in Figure 2-2. As expected based on Figure 2- 
1, the two-phase regions at T2 are separated by a three-phase line. In this study, all 
the experimental data are taken at temperatures higher than the L-L-V temperature
t 2.
Experimental Section
The measurements are carried out in a high-pressure cell coupled with a 
light-scattering probe. The cell has a sapphire window and a borescope for visual 
observation of the phase transitions. A simplified schematic of the unit is shown in 
Figure 2-3. A detailed description of the apparatus, precision and the experimental 
procedure is given by Chan et al. (1998).
8
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Monitor
Solvent
, I Optical Cell
Computerized Pump Camera
Hand Pump Magnetic Stirrer
Figure 2-3. Simplified schematic diagram of the apparatus (HG-Heise dial gauge, 
PT-pressure transducer, TC-temperature probe, and PC-personal computer).
9








50 55 60 65 70 75 80
P/bar
Figure 2-4. Plot of transmitted intensity as a function of pressure for the 
determination o f fluid-liquid phase transition pressure. C40 mass fraction = 0.079, T 
= 110°C.
10
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Fluid-Liquid Transition Measurement. A known amount of solute and 
solvent is loaded in the cell. The amount of each component is determined with an 
analytical balance (Mettler-Toledo, Inc. Model PM 1200) to within ± 0.002 g. The 
solution is then compressed, heated, and mixed to become homogeneous. The 
pressure is controlled with a floating piston; the pressurizing fluid is usually one of 
the components, for example, propane in this work. After equilibration, pressure is 
decreased at a constant rate while the intensity o f transmitted light is recorded as a 
function of pressure at constant temperature. As the FL transition is reached, the 
solution turns cloudy, which can be observed visually. The onset of the solution 
turbidity at the FL pressure, also known as the binodal point, sharply decreases the 
transmitted-light intensity. Figure 2-4 shows a sample o f a plot of the transmitted- 
light intensity as a function of pressure, where the binodal pressure is found to be 69 
bar.
Spinodal Measurement The intensity o f scattered light is recorded as a 
function of pressure at the same time. The spinodal pressure is determined by the 
Debye-Scholte extrapolation procedure as given by Kiepen and Borchard (1988) and 
Wells et al. (1993). The details of the approximations and corrections for this 
approach are given by Chan et al. (1998). In brief, according to the equation given by 
Wells etal. (1993),
( 2- 1 )
11
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where Ps is the spinodal pressure and C is a constant at fixed temperature and 
solution composition. The reciprocal of the corrected 90-degree scattered-light 
intensity (W **1) ' 1 is plotted as a function of pressure at constant temperature. The 
spinodal pressure is then obtained by extrapolating the (W **1)"1 to zero. A plot of 
(W **1) " 1 as a function of pressure is shown in Figure 2-5 for propane + tetracontane 
at 110 °C; the spinodal pressure in this case is about 67 bar.
Fluid-Solid Transition Measurement. The solution is first equilibrated in 
the one-phase region. Temperature is then gradually decreased at constant pressure. 
The cooling rate close to the FS temperature is at or below 0.5 °C/min. The 
transmitted-light intensity is recorded as a function o f temperature. As the transition 
occurs, the signal decreases rapidly as shown in Figure 2-6. The temperature 
corresponding to the drop in the signal intensity is recorded as the FS temperature 
upon cooling. This temperature is found to be very close to that observed visually, 
which corresponds to onset of the solid precipitation.
Another approach to measure the FS transition is to observe the 
disappearance of solids in the solution upon heating as suggested, for example, by 
Hong et al. (1993). This is done by cooling down the solution below the FS 
temperature, and then slowly heating the stirred solution until the last traces of solid 
disappear. The heating rate is controlled at no more than 1 K/min. In this study, the 
transmitted-light intensity is also recorded as a function of temperature; a sample is 
shown in Figure 2-7. The temperature representing the onset of the flat portion of the 
transmitted-light intensity curve is taken as the FS temperature upon heating. The FS
12
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Figure 2-5. Plot o f inverse corrected intensity at 90° scattering angle as a function of 
pressure for the determination of spinodal pressure. C40 mass fraction = 0.079, t = 
110°C.
13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.0-
3  08 “ i
<
|  0.6 -2c
-ai i









-----1-----1----- — ,-----------1----- 1---- 1----- r -  - t  .  ,  1
40 42 44 46 48 SO S2 54
T/°C
Figure 2-6. Plot of transmitted intensity as a function of temperature for the 
determination of fluid-solid transition temperature upon cooling. (43.1 °C in this 
case) C40 mass fraction = 0.185, P = 400 bar.
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Figure 2-7. Plot of transmitted intensity as a function o f temperature for the 
determination o f fluid-solid transition temperature upon heating. (49.6 °C in this 
case) C40 mass fraction = 0.185, P = 400 bar.
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Figure 2-8. The effect of the heating and cooling rate on the fluid-solid transition 
temperature.
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temperature obtained this way is also found to agree with that observed visually, 
which corresponds to the disappearance of solids.
The FS temperature measured upon heating is systematically higher than that 
upon cooling, as it is shown in Figure 2-8. This is consistent with the previously 
published data, for example, by Kohn et al. (1976). The reason for the discrepancy 
between the heating-induced and cooling-induced FS temperature is the sub-cooling 
effect that inhibits the nucleation of crystals in solution. The superheating effect, 
which inhibits the dissolution of crystals, is usually less significant and, hence, the 
heating-induced FS temperature is usually accepted as being closer to a true 
equilibrium FS temperature. Moreover, the measured FS temperature depends on the 
heating and cooling rate, except in the low-rate region as it is also shown in Figure 2- 
8 . Therefore, the heating and cooling rates for this study are kept below 1 K/min. to 
minimize the inaccuracy of the transition measurement due to kinetic effects.
Materials
The materials used in this study are tetracontane (98%), obtained from 
Aldrich Chemical Co., and propane (C.P., 99.0% minimum purity), obtained from 
Matheson Gas Products, Inc. They are used without further purification.
Equation of State
The equation of state used in this work to calculate the FS and FL transitions 
is an applied version o f the statistical associating fluid theory (SAFT) proposed by 
Huang and Radosz (1990). SAFT molecules are homobonded chains, chains that are 
composed of identical segments connected with identical bonds. The SAFT residual
17
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Helmholtz energy a1**, has segment a5*8, chain a®**"" and association a* " 00 
contributions, as follows:
a m  = a “* + ad>am + a a3SOC ( 2 -2 )
The segment term is further divided into the hard-sphere a1* and dispersion 
adisp terms.
a ses = 0 ^ + 0 ^  (2-3)
Since the molecules used in this study do not exhibit any specific interactions, the 
association contribution term in eq 2 - 2  is set equal to zero.
Three parameters are used to characterize the pure components: the segment 
number, m, temperature-independent segment volume of segment, v°°, and the 
temperature-independent dispersion energy of interaction between segments, u°/k. 
For small components, for example propane, the parameters are determined by fitting 
the pure-component vapor pressure and liquid density. For large components, for 
example tetracontane, the parameters are obtained from an empirical correlation 
based on the component molecular weight, as given by Huang and Radosz (1990). 
The parameter values used in this work are given in Table 2-1.
SAFT is extended to mixtures using the van der Waals one-fluid theory 
(vdWl) mixing rules as follows:
18
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Table 2-1. Puie-component SAFT parameters








Propane CjHg* 44.097 2.696 13.457 193.03
Tetratriacontane C ^ to* 478.94 23.045 11.985 209.96
Tetracontane C«oHg2b 563.10 26.971 11.963 210.00
Tetracontane QoHc* 563.10 18.251 22.207 336.58
Hexacontane C«)H|22b 843.64 40.057 11.920 210.00
a. The SAFT parameters are from Huang and Radosz (1990)
b. The SAFT parameters are calculated from empirical equation for n-alkanes in 
Huang and Radosz (1990)
c. The SAFT parameters are estimated by fitting PVT data from Doolittle (1964) for 
liquid volume in the fluid-solid equilibrium calculation
19
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where
u
I X V y * ! * )
'  J kT H
» j
(2-4)
( v ' i = [ i ^ r - ( v r |
= b - k'jXun u J n
» j





where Xi is the mole fraction of component i, m is the segment number, v° is the 
temperature-dependent segment volume, u/k is the temperature-dependent dispersion 
energy of interaction between segments. k|j is an adjustable binary parameter 
characterizing the interactions between component i and j; the k§j values used for this 
study is 0 .0 1 .
In this study, a SAFT-based FS-E model developed by Pan and Radosz 
(1998) is used to calculate the fluid-solid equilibria. In brief, the fugacity ratio of 
pure n-alkane is given by
20
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where f  is the fugacity, and § is the fugacity coefficient. AHm and Tm are the enthalpy 
and temperature of fusion; AH^ and T* are the enthalpy and temperature of the solid- 
solid transition. ACP is the heat capacity difference between the liquid and solid 
phase and ACP is the heat capacity difference between the liquid and the second solid 
phase; P5* is the vapor pressure of the solute at its melting temperature and v is the 
molar volume of the solute. Subscript 02 means pure solute, and 2 means solute in 
the solution. <j>° is the fugacity coefficient of pure sub-cooled liquid solute at constant 
temperature and pressure. Both fugacity coefficients in eq 2-9 are calculated from 
SAFT.
The two heat-capacity terms have the same order of magnitude but opposite 
signs, and tend to cancel each other; these two terms, therefore, are set equal to zero. 
Moreover, two assumptions are made for eq 2-9. First, the molar volume of solid vs 
is assumed to be constant, while the molar volume of liquid vL is a  function of 
pressure. Second, the very low saturated pressure of the solute is set to zero. As a 
result, eq 2-9 becomes
— In




RT„ { T  )  RT
( p  \
j v Ld P - v sP
\ 0  J
( 2-10)
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When the fluid-solid transition temperature is higher than the solid-solid transition 
temperature, the solid-solid transition terms should not be included in eq 2-10. This 
will be the case for very high solute concentration when the fluid-solid transition is 
close to the melting point o f the solute.
The solid-solid and melting properties of the solutes are given in Table 2-2. 
For the heat of fusion and solid-solid transition, the values are obtained from linear 
regression o f the data given by Haulait-Pirson et aL (1987) and Chang et al. (1983) 
as shown in Figure 2-9. Moreover, in order to calculate the pressure integral in eq 2- 
10 more accurately, modified pure-component SAFT parameters are determined by 
fitting PVT data of tetracontane, which are given by Doolittle (1964). These new 
PVT-derived parameters are only used for calculating the molar volume of liquid in 
the pressure integral in eq 2-10, and they are given in Table 2-1. The old correlation 
derived parameters are used for calculating all the other properties.
Results and Discussion
A summary of the experimental data for C40 + propane measured in this study 
is given in Table 2-3. Figure 2-10 shows a P-T diagram of tetracontane + propane on 
the basis of the experimental data taken in this work. The FS transition curve shows 
a positive slope at high pressures, which means that the FS temperature increases 
with increasing pressure. Both the FS and FL transitions are calculated from SAFT 
twice; once with ky = 0 and once with ky = 0.01. The calculated results obtained with 
ky = 0 seem to represent better the FS temperature upon cooling, whereas the 
calculated results obtained with ky = 0.01 seem to represent better the FS 
temperature upon heating. Since we are more interested in modeling the FS
22
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Tetratriacontane 346.3 78 343.1 41
Tetracontane 354.5 92 351.3 49
Hexacontane 371.9 138 368.7 73
a. TRC a-1030, aa-ref-1920.
b. The values of the solid-solid transition and melting properties are extrapolated 
from those data from Haulait-Pirson et al. (1987) and Chang et al. (1983)
23
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Table 2-3. Experimental phase transitions for propane (1) + tetracontane (2) at 
various tetracontane mass fractions m2.
m2_______________ t/°C______________ P/bar______  Transition type*
0.014 160.3 92 FL
0.014 150.1 8 6 FL
0.014 140.4 79 FL
0.014 130.3 72 FL
0.014 120.3 62 FL
0.014 1 1 0 .6 52 FL
0.014 100.5 43 FL
0.014 39.8 1207 FS
0.014 34.6 804 FS
0.014 29.6 407 FS
0.014 27.3 152 FS
0.031 119.8 69 FL
0.031 110.4 59 FL
0.031 110.4 47 Spinodal
0.031 1 0 1 .2 47 FL
0.065 130.3 8 6 FL
0.065 1 2 2 .0 79 FL
0.065 110.5 64 FL
0.065 1 0 0 .8 54 FL
0.065 95.4 46 FL
0.065 47.5 1 2 0 0 FS
0.065 40.6 701 FS
0.065 39.1 501 FS
0.065 37.4 301 FS
0.065 36.9 1 0 0 FS
0.065 54.5 1 2 0 0 FS*
0.065 46.9 701 FS*
0.065 45.1 501 FS*
0.065 43.6 301 FS*
0.068 1 2 0 .2 79 FL
0.068 1 1 0 .2 6 6 FL
0.068 1 1 0 .2 60 Spinodal
0.068 101.3 54 FL
0.079 1 2 0 .2 80 FL
0.079 110.5 69 FL
0.079 110.5 67 Spinodal
0.079 101.3 59 FL
0.104 159.8 n o FL
0.104 149.6 1 0 2 FL
0.104 140.0 93 FL
(table continue)
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0.104 130.0 83 FL
0.104 1 2 0 .1 74 FL
0.104 110.3 64 FL
0.104 101.3 54 FL
0.104 48.1 1208 FS
0.104 44.4 805 FS
0.104 39.6 408 FS
0.104 38.4 150 FS
0.150 119.7 81 FL
0.150 1 1 0 .1 70 FL
0.150 101.3 60 FL
0.185 160.2 1 1 0 FL
0.185 150.3 10 1 FL
0.185 140.1 92 FL
0.185 130.3 81 FL
0.185 120.3 70 FL
0.185 1 1 0 .1 59 FL
0.185 1 0 0 .6 45 FL
0.185 53.9 1207 FS
0.185 49.9 805 FS
0.185 44.0 408 FS
0.185 42.5 152 FS
0.185 57.8 1207 FS*
0.185 53.2 805 FS*
0.185 46.9 408 FS*
0.185 48.6 152 FS*
0.250 1 2 0 .0 8 6 FL
0.250 110.3 76 FL
0.250 100.5 65 FL
a. Key: FL = Fluid-liquid transition; FS = Fluid-solid transition (cooling); FS* = 
Fluid-solid transition (heating)
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Figure 2-9. The correlation of enthalpy of fusion, AHm, enthalpy of solid-solid 
transition, AH ,̂ and carbon number of normal alkanes.
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Figure 2-10. Pressure-temperature diagram of C40 + propane at fixed concentration. 
C 4 0  mass fraction = 0.065; ps = 0.95 g em*3; open circles -  FL; open triangles -  FS 
upon heating; filled triangles -  FS upon cooling; solid curve -  SAFT with ky = 0.00, 
dashed curve -  SAFT with ky = 0.01.
27
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1400
cs
0 20 40 60 100 120 140
T/°C
Figure 2-11. Pressure-temperature diagram of C40 + propane at fixed concentration. 
C 4 0  mass fraction = 0.065; filled triangles -  experimental FS upon cooling; SAFT 
calculation with ky = 0.00: solid curve — ps = 1.00 g-cm"3, dashed curve -  ps = 0.95 
g em'3, dotted curve -  ps = 0.85 g-cm*3.
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temperature upon cooling, because they are relevant to pipeline fouling, our further 
analysis will not include the FS temperature upon heating. These ky’s, therefore, may 
represent a non-equilibrium FS transition (upon cooling) that is shifted relative to the 
equilibrium FS transition (upon heating).
The FS transition curve is found sensitive to the solid density ps. Figure 2-11 
shows an example where the solid density is changed from 0.8S g em'3 (~ density of 
subcooled liquid tetracontane) to 1.00 g-cm'3 (~ density of crystalline polymer). As a 
result, the FS transition is shifted to higher temperatures, especially at higher 
pressures. Since the density of crystalline tetracontane is not available, it is set equal 
to 0.95 g-cm'3 which matches our data. This density is used to calculate the molar 
volume of the solid needed in eq 2-10.
Figure 2-12 shows a P-X diagram of the FL transitions for tetratriacontane +, 
tetracontane +, and hexacontane + propane, where the points represent experimental 
data. The curves represent data calculated SAFT with ky = 0 and 0.01 for 
tetracontane + propane only. There is a change of the isotherm slopes around the 
heavy-alkane weight fraction of 0.4-0.5. Such a change of the slope has also been 
observed for other propane systems by Radosz (1987). This effect is due to a 
significant increase in the light-phase density upon increasing pressure, as it is shown 
in Figure 2-13 at 110 °C for tetracontane + propane. A steep increase in the light- 
phase density is observed around 50 bar.
The effect of n-alkane concentration on the FS transition curve is shown in 
Figure 2-14 for tetracontane + propane at different tetracontane mass fractions. An
29
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Figure 2-12. Fluid-liquid equilibria: Pressure-concentration diagram at 110°C. Open 
triangles -  propane + C#) by Peters et al. (1993); open circles -  propane + C40 from 
this work; open squares -  propane + C34 by Peters et al. (1992); solid curve -  
propane + C40 by SAFT with ky = 0.00, dashed curve -  propane + C40 by SAFT with
k jj =  0 .0 1 .
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Figure 2-13. Equilibrium light phase density at 110°C as a function of pressure for 
C3 + C40 calculated from SAFT (ky = 0.00).
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Figure 2-14. Pressure-temperature diagram of C40 + propane: concentration effect on 
fluid-solid equilibria upon cooling. The calculated curves are from SAFT with ldj = 
0.00 and ps = 0.95 g-cm'3. Filled squares and solid curve — mass fraction = 0.014, 
filled triangles and dashed curve -  mass fraction = 0.104, filled inverted triangle and 
dotted curve -  mass fraction = 0.185.
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Figure 2-15. Temperature-concentration diagram of C40 + propane: pressure effect on 
fluid-solid equilibria upon cooling. The calculated curves are from SAFT with kij = 
0.00 and ps = 0.95 g*cm'3. Filled circles and solid curve -  P = 1200 bar, filled square 
and dashed curve — P = 150 bar.
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increase in the tetracontane concentration increases the FS temperature. The 
calculated FS curves are in good agreement with the experimental data.
The effect o f pressure on the FS transition is shown in Figure 2-15. An 
increase in pressure increases the FS temperature. Also shown in Figure 2-15 is the 
increase in the crystallization point o f tetracontane with increasing pressure. SAFT 
captures both trends.
Conclusions
The fluid-liquid and fluid-solid equilibria for tetracontane measured in this 
work in sub- and supercritical propane are correlated and predicted using the SAFT 
equation of state. As expected, increasing the n-alkane concentration and increasing 
pressure increase the FS transition temperature. Also, increasing the n-alkane 
molecular weight increases the FL transition pressure. SAFT predictions are in a 
reasonable agreement with the experimental data for both fluid-liquid and fluid-solid 
transitions.
34
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Chapter 3 Fluid-Liquid Equilibria in Poly(ethylene-c0 -hexene-l) + 
Propane: A Light-Scattering Probe of Cloud-Point Pressure, 
Spinodal Pressure, and Critical Polymer Concentration
Introduction
Understanding the phase behavior of polymer solutions is key to developing 
new polymer technologies. For example, understanding the fluid-liquid equilibria is 
needed to avoid the undesirable phase separation that underlies polymer fractionation 
and solvent recovery. In order to develop quantitative models of fluid-liquid 
equilibria, one needs phase boundary data, such as cloud-point or spinodal data.
For example, the spinodal data can be determined from light scattering, as 
shown by Gordon et al. (1977) and Szydlowski et al. (1992), for temperature-induced 
phase transitions. Their approach is called Pulsed Induced Critical Scattering (PICS). 
Later, this approach was expanded to include pressure-induced phase transitions, as 
shown by Kiepen and Borchard (1988) and Wells et al. (1993). We build on this 
approach.
The goal of this work is to determine experimentally the fluid-liquid 
transition pressure, both cloud-point and spinodal pressure, and the critical polymer 
concentration for poly(ethylene-co-hexene-l) solution in propane using a light- 
scattering probe.
Light Scattering Approximations for Spinodal Pressure Measurements
A typical P-X phase diagram of a monodisperse polymer solution is shown in 
Figure 3-1, which is similar to a T-X phase diagram described by Derham (1979)
35
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BINODAI 
k CURVE
Figure 3-1. P-X phase diagram of a monodisperse polymer solution.
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The binodal curve separates the one-phase and two-phase regions. The spinodal 
curve separates the unstable and metastable regions. At high pressures, above the 
binodal curve, the polymer solution is in a stable one-phase region. At low pressures, 
in the unstable region below the spinodal curve, the solution spontaneously phase 
separates into two phases according to a spinodal decomposition mechanism. At 
intermediate pressures, in the metastable region, the solution phase separates 
according to a nucleation and growth mechanism.
The region near the phase boundary is characterized by the large 
concentration fluctuations that result in large fluctuations in refractive index, as 
suggested by Wells et al. (1993) These fluctuations in the refractive index are the 
basis for light scattering in this experiment.
The fundamental scattering equation for mixtures was proposed by Debye 
(1959), and exploited by Scholte (1972). Debye expressed the scattered light 
intensity from a polymer solution as:
Ie _ 4tr2 Vs a K ^ 
L  R 2 A4 f  n x
k T
1______________
\ 6 x 2<P\H . ,+ ---------1— sin




Io is the incident light intensity, and Ie is the scattering light intensity at a scattered 
angle 0 from the scattered volume Vs. The symbol A is the wavelength of light 
source and R is the distance between the scattered volume and the detector. The 
factor a  depends on whether the light is polarized or not; for non-polarized light, a  = 
(1+cos 6)/2, and for vertically polarized light, where scattering is detected in a
37
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horizontal plane a  = 1. d>2 is the volume fraction o f the polymer, and n  is the 
osmotic pressure of the polymer solution. T is the system temperature and k is the 
Boltzmann’s constant. The optical constant K has a form of {c/n (dn/dc)}2 and is a 
function o f the refractive index and polymer concentration. The parameter H 
depends on the range and strength of the interaction energy between the solvent and 
polymer molecules,








where ©i is the volume occupied by molecule i, Wy is the interaction energy, and ly is 
the range of the intermolecular force between molecules i and j.
On the right hand side of eq 3-1, the first term depends only on the variables 
controlled or measured in the experiment. These variables remain constant if the 
polymer concentration does not change.
The denominator of the second term consists of two terms. The first term is 
the first derivative of the osmotic pressure with respect to d>2, which represents the 
second derivative of the free energy of mixing for the system. The second term, 
which represents the local composition gradient fluctuation, is usually small 
compared to the first term when: i) the scattered angle is very small or ii) the range 
of the intermolecular force or Debye parameter / is small. This is more fully 
explained in the Appendix 1.
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The first term in the denominator, according to Debye (1959), can be written
as:
( n ) . 2 n=4), —f 1 l )
[ k T  ) 2 k [ tc t ) (3-3)
where Tc is the critical temperature o f the system and Q is expressed as:
a } \  c o l  <OyC0x
(3-4)
If eq 3-3 and 3-4 are substituted back to the eq 3-1, and the second term in the 
denominator of eq 3-1 is assumed to be negligible, the following relationship will be 
obtained:
f  T  N 
J - T c j
(3-5)
where
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When the system temperature is close to the critical temperature Tc, the scattered 
light intensity will increase to infinity. As a result, the reciprocal o f the scattered 
light intensity, when plotted verses T, will approach zero as the temperature goes to 
Tc. In other words, by extrapolating the reciprocal of scattered intensity to zero, one 
can estimate the critical temperature.
This approach can also be applied to determine the spinodal temperature. As 
Scholte (1972) was the first to apply it to determine the spinodal temperature of 
polystyrene in cyclohexane, this approach is referred to as the Debye-Scholte 
extrapolation procedure. This procedure is based on the second derivative of the 
Gibbs free energy of mixing with respect to the polymer composition is zero at the 
spinodal curve:
as the osmotic pressure it is related to the Gibbs free energy of mixing. Eq 3-5 then 
becomes
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If  the phase transition is induced by the change in pressure, instead o f the 
change in temperature, a  similar method can be used to determine the spinodal 
pressure. For example, Kiepen and Borchard (1988) demonstrated such a method for 
the spinodal pressure o f oligostyrene in pentane and called it Pressure Pulsed 
Induced Critical Scattering (PPICS). The Debye-Scholte extrapolation procedure can 
also be applied to pressure-induced phase transitions because, as shown by Kiepen 
and Borchard (1988), the first term in the denominator of eq 3-1 is actually related to 
the Gibbs free energy as follows:
where Vx is the partial specific volume o f the solvent that is assumed to be 
independent of composition for dilute solution. X2 is the mass fraction of the
Wells et al. (1993) applied this procedure to polystyrene + 
methylcyclohexane, and suggested the following equation for PPICS:
(3-10)
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A plot o f the reciprocal of the scattered intensity as a function of pressure will yield 
the spinodal pressure as the reciprocal of the intensity is extrapolated to zero.
Experimental Approach 
Equipment
A schematic of the apparatus is shown in Figure 3-2. The main part o f the 
apparatus consists of a high-pressure batch cell coupled with a light-scattering probe. 
Two pumps, one high-pressure hand pump (High Pressure Equipment Model 37- 
5.75-60) and one high-pressure computerized pump (High Pressure Equipment 
Model APG-60KMPC), are used for charging the solvent and controlling the 
pressure o f the cell. The pressure of the solution is measured with a 0-2000 bar 
pressure transducer (Heise Model 623) to within ± 2 bar. At pressures below 500 bar, 
a more accurate 0-500 bar dial gauge (Heise Model CM) is used instead to increase 
the pressure accuracy to within ± 0.5 bar. The pressure is measured on the 
pressurizing-fluid side of the piston, and not on the polymer-solution side o f the 
piston, as we have done in the past as suggested to us by Harry Drickamer. The 
reason for this approach is to eliminate the significant uncertainties associated with 
the dead volume and contamination of the pressure-transducer cavity when it is on 
the polymer-solution side of a small cell (this may not be a serious problem with 
large cells, say at least 10 cm3). The common wisdom is that the pressure reading on 
the pressurizing-fluid side may have a significant hysteresis error due to the friction 
between the piston o-ring and the cell wall. We have managed essentially to 
eliminate this error by careful sizing, wall polish, and o-ring choice. As a result, this
42
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Computerized Pump Photodiode
Hand Pump Magnetic Stirrer
Figure 3-2. Schematic diagram of the apparatus: HG -  Heise gauge, PD -  
Photodiode, PT — Pressure transducer, TC — Temperature controller.
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error has been measured not to exceed by 1 bar, which is acceptable on a scale of a 
few-hundred to few-thousand bar. The benefits of no dead volume and no 
contamination o f the transducer cavity far outweigh this small hysteresis error.
The mass transfer during equilibration is promoted with a magnetically 
driven stirring bar. The phase transitions are either detected using the light-scattering 
probe, as shown in Figure 3-2, or observed visually, as described by Gregg et al.
(1994)
The high-pressure batch cell is constructed of 6AL/4V titanium. It has a 
cylindrical body with outer diameter of 3.81 cm, and an overall length of 15.00 cm. 
The inner bore diameter is 0.635 cm and the length is 8.096 cm. One end is equipped 
with a 6AL/4V titanium gland that holds a sapphire window (Meller Optics, Inc., 
1.270 x 1.270 cm). The other end is equipped with a high-pressure gland (High 
Pressure Equipment, 60-2HM9) and a high-pressure nipple (High Pressure 
Equipment, 60-HM9-4). This end is connected to the pumps through an LVDT 
assembly, which is similar to that described by Gregg et al. (1994)
The cell also has two aligned ports in the plane perpendicular to the axis of 
symmetry, which are used to measure the transmitted light intensity. Each port is 
equipped with a 316 stainless steel gland and a sapphire window (Imetra, Inc., 0.508 
x 0.254 cm). The scattered-light intensity is measured at a 90° angle using the main 
sapphire window. The optical pathway for the incident, transmitted, and scattered 
beam is about 2.6 cm.
A floating aluminum piston, 1.00 cm long, is used to pressurize the contents. 
There is 0.008-cm clearance between the piston and the inner cell wall. A number
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006 Viton O-ring creates a dynamic seal that separates the contents from the 
pressurizing fluid (propane in this work).
The cell is heated with a heating tape wrapped around a brass block for good 
thermal conductivity and temperature uniformity. The heating tape is wired to a PID 
controller (Electronic Control Systems Model 6415). The cell temperature is 
measured with a three-wire class A RTD probe (Thermo Electric Co., Inc. Model 
RTD-18-8-6-LT) to within ± 0.1K. This probe is located inside the cell body, very 
close to the fluid chamber, but not in a direct contact with the fluid so that we avoid 
any probe-port-caused dead volume. While in some experiments, especially those 
with rapid temperature changes due to phase transitions and high fluid/cell mass 
percent, such an approach may lead to appreciable reading errors, in our experiments 
this is not a problem at all. The reason for it is that our temperature changes are very 
slow (a small fraction of °C/min), if any, and the ratio o f the fluid/cell mass percent 
is very small (a small fraction of 1%).
The light-scattering probe consists of a 5 mW polarized HeNe laser (Melles 
Griot Model 05LHP151, operating at 543nm), a mirror, two silicon photodiode 
detectors (Melles Griot Model 13DSI007), and two fiber-optic cables (Cuda Products 
Co.). The incident light is delivered to the cell through one of the side ports. The 
transmitted and scattered portions of light are received by fiber-optic cables that lead 
to photodiode detectors. The cable for the scattered light is connected at a 90-degree 
angle with respect to the incident light. The signal from the photodiode detectors is 
fed to an analog and digital VO board (National Instruments AT-MIO-16E-10) and 
read by a computer (IBM PC compatible 486/33). Both the transmitted-light
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intensity and the scattered-light intensity can be monitored as a function o f pressure 
or temperature.
Procedure
In a cloud-point pressure measurement, a known amount o f solute and 
solvent is loaded in the cell. The amount of each component is determined with an 
analytical balance (Mettler-Toledo, Inc. Model PM 1200) to within ± 0.002g. The 
two components are then pressurized, heated, and equilibrated by stirring to form a 
homogeneous phase. After equilibration, pressure is decreased at a constant rate 
while the intensity of transmitted light is recorded as a function of pressure at 
constant temperature. As the cloud-point pressure is reached, the solution turns 
cloudy, which can also be observed visually. The onset of the solution turbidity at 
the cloud-point pressure sharply decreases the transmitted light intensity. Figure 3-3 
shows a plot of the transmitted-light intensity as a function of pressure, and how we 
determine the cloud-point pressure.
In a spinodal measurement, carried out at the same time, the intensity of 
scattered light is recorded as a function of pressure. A plot of the corrected scattered 
intensity as a function of pressure is given in Figure 3-4. In addition, the reciprocal 
of the corrected 90-degree scattered-light intensity (W 0")*1 is plotted as a function of 
pressure at constant temperature. The spinodal pressure is then obtained by 
extrapolating the (W ”")*1 to zero. A plot o f (W**1)'1 as a function of pressure is 
shown in Figure 3-5.
The scattered-light intensity must be corrected, as described by Wells et al.
(1995) and the same procedures are used in this work, because:
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Temp = 180 C
oo




Figure 3-3. PoIy(ethylene-co-hexene-l) in propane at 180°C: Transmitted light 
intensity is plotted as a function of pressure, EH wt fraction = 0.031.
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Figure 3-4. Poly(ethylene-co-hexene-l) in propane at 180°C: Corrected scattered 
light intensity is plotted as a function of pressure, EH wt fraction = 0.031.
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Figure 3-5. Poly(ethylene-co-hexene-l) in propane at 180°C: is plotted as a
function of pressure, EH wt fraction = 0.031.
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a) A large fraction of light is scattered before entering the scattered volume as the 
solution approaches the phase boundary. This is equivalent to artificially reducing 
the amount of the incident light and hence scattered-light intensity.
b) The scattered light intensity measured by the detector includes light reflected by 
the cell body, scattered by the dust particles and the solvent. Therefore, the actual 
scattering from the concentration fluctuation has to be distinguished from the 
background noise.
One approach to determining the critical polymer concentration (Xc) is on the 
basis of differences in the phase disengagement mechanism, as suggested by de Loos 
et al. (1983) This approach boils down to observing the movement of the interface in 
the two-phase region. The interface moves up on the dew-point side of the critical 
point, and it moves down on the bubble-point side of the critical point. This is a 
reliable approach, but the phase disengagement time can be long, especially close to 
the critical polymer concentration.
Another approach, explored in this work, is to use the light-scattering probe 
for the detection o f the critical polymer concentration. This approach is based on the 
slope of the corrected scattered-light intensity as a function of pressure. The 
corrected scattered-light intensity is fitted with an exponential function. The first 
derivative of the exponential function with respect to pressure is then plotted against 
the pressure at different polymer concentrations. The concentration that has the 
lowest value of the first derivative at a pressure above the cloud-point pressure is the 
critical polymer concentration.
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M atcriab
The properties of the polymer and propane are summarized in Table 3-1. 
Propane (C.P., 99.0 % minimum purity) was purchased from Matheson Gas Products 
Inc., and it was used without further treatment.
Equation of State
The experimental data taken in this work are correlated with SAFTI 
(Statistical Associating Fluid Theory), an equation o f state described by Adidharma 
and Radosz (1998). Each alkane-like pure component, such as poly(ethylene-co- 
hexene-1), is characterized in SAFTI with the following parameters: m, segment 
number; v°°, segment molar volume in ml/mol; u°/k, dispersion energy o f interaction 
between segments in K; and X, reduced squared-well-potential range. These 
parameters are estimated from the correlation given in literature (Adidharma 1998).
Poly(ethylene-co-hexene-l) used in this study is a hetero-segmented polymer 
which is modeled as a macromolecule consisting of two types o f segments, a 
backbone type and a branch type, and three types of bonds, backbone-backbone, 
backbone-branch and branch-branch bonds. The branch-type segments are assumed 
to have the same SAFTI parameters as n-butane. The parameters for the backbone- 
type segments are estimated from the correlation given in literature (Adidharma 
1998). The segment fractions, bond fractions, and SAFTI parameters for each type 
of segment, are given in Table 3-2. The definition and calculation o f the branch 
density, segment fraction, and bond fraction are given in the Appendix 2.
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Table 3-1 Properties of poly (ethylene-co-hexene-1) used in this study
Weight average molecular weight 51,300
Molecular weight distribution 2.0
wt% hexene 20.6
Branch density 7.96
Backbone-type segment fraction 0.86
Branch-type segment fraction 0.14
Ba-Ba bond fraction 0.86
Ba-Br bond fraction 0.03
Br-Br bond fraction 0.11
Ba — backbone, Br — branch. For definition and calculation of branch density, 
segment fraction, and bond fraction, see Appendix 2.
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Table 3-2. SAFTI parameters used in this study
Component m v°° (ml/mol) u°/k(K) X
Propane 1.667 18.492 193.223 1.6914
EH -  backbone
611.328
25.194 281.796 1.6543
EH -  branch 19.609 210.600 1.6797
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Results and Discussion
The cloud-point pressures measured using the light-scattering probe (in this 
case in a transmitted-light mode) and observed visually are reported in Table 3-3. It 
is found that the cloud-point pressure measured from light scattering is slightly 
higher. When the pressure approaches the two-phase region, there is a growth of 
domains with relatively high polymer or solvent concentration, depending on 
whether the transition is of the dew-point or bubble-point type. These domains are 
usually small, and cannot be detected visually. The light-scattering probe, on the 
other hand, detects these domains because it is sensitive to differences in their 
refractive indices. This makes the scattering-derived data more accurate. Figure 3-6 
shows the cloud-point pressure derived from light scattering at various polymer 
concentrations. The pressure range selected for Figure 3-6 is narrow to bring out the 
extent of scatter caused by the experimental uncertainty and by the polymer non­
uniformity, both in molecular weight (polydispersity index o f about 2) and in 
composition (branch density). Our current and future work is addressing the effect of 
such non-uniformity on the phase behavior.
The spinodal pressure is estimated by plotting the reciprocal of the corrected 
scattered-light intensity as a function o f pressure, as shown in Figure 3-5. The 
extrapolation procedure may introduce further uncertainty in determining the 
spinodal pressure. We find, however, that this uncertainty is relatively small (± 1 
bar). The spinodal pressure measured in this work is reported in Table 3-3 and 
plotted in Figure 3-6 along with the cloud-point pressure.
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In order to determine the critical polymer concentration, we need the first 
derivative of the corrected scattered intensity with respect to pressure as a function of 
pressure. This is shown in Figure 3-7 at an arbitrary temperature of 180°C. This first 
derivative decreases upon increasing the copolymer weight fraction from 0.031 to 
0.100, and it increases upon further increasing the copolymer weight fraction from 
0.108 to 0.148. Figure 3-8 shows a plot o f this first derivative as a function o f the 
copolymer weight fraction at 490 bar, which is above the cloud-point pressure. The 
critical polymer weight fraction found this way is about 0.100 polymer weight 
fraction. This is consistent with the result obtained from the visual observation of the 
interface, which is between 0.095 and 0.105 polymer weight fraction. More work is 
needed to understand how general this approach can be, especially to understand 
how the derivative o f the corrected scattered-light intensity may be affected by the 
proximity of the recorded pressure to the cloud-point pressure.
SAFTI Correlation
Figure 3-9 shows the calculated cloud-point pressure for poly(ethylene-co- 
hexene-1) in propane as a function of the polymer weight fraction. The binary 
parameter ky, is set equal to zero in this calculation. SAFTI is found to predict these 
cloud points from 0.08 to 0.16 polymer weight fraction. This preliminary result does 
not necessarily suggest that all phase boundaries for poly(ethylene-co-hexene-l) in 
propane can be predicted this way.
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Table 3-3. Cloud-point pressure and spinodal pressure for poly(ethy!ene-co-hexene 
1) solution in propane at 180°C.
Polymer weight 
fraction
Cloud Point (Visual 
Method) /  Bar
Cloud Point (Light 
Scattering) / Bar Spinodal Pressure / Bar
0.018 446 446 440
0.031 453 454 449
0.055 456 456 —
0.066 459 459 455
0.075 454 468 —
0.079 474 475 469
0.089 478 478 474
0.098 470 470 467
0.100 472 474 469
0.108 467 471 468
0.114 466 466 - -
0.148 459 459 457
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Figure 3-6. Poly(ethylene-co-hexene-l) in propane at 180°C: P-X diagram with 
cloud point and spinodal curves.
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Figure 3-7. Poly(ethylene-co-hexene-l) in propane at 180°C: First derivative of 
corrected scattered light intensity with respect to pressure is plotted as a function of 
pressure.
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Figure 3-8. Poly(ethylene-co-hexene-l) in propane at 180°C: Determination of 
critical polymer concentration.
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Figure 3-9. Poly(ethylene-co-hexene-l) in propane at 180°C: Curve calculated from 
SAFT1.
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Conclusions
The cloud-point pressure and spinodal pressure are measured for 
poly(ethylene-co-hexene-l) in propane using visual and light-scattering methods. 
The cloud-point pressure determined from the transmitted-light intensity is found to 
be in agreement with that obtained from the visual method. The spinodal pressure is 
determined from the scattered-light intensity using the Debye-Scholte extrapolation. 
The critical polymer concentration is also determined using both light-scattering and 
visual methods. The experimental data agree with SAFT1 predictions.
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Nomenclature
G„ = Gibbs energy o f mixing
H =  energy interaction parameter between the solvent and polymer molecules in the 
light scattering equation 
I  a= incident-light intensity
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I ff = scattered-light intensity at angle 6
K =  constant in the light-scattering equation that is a function of the refractive index 
and polymer concentration 
P = pressure, bar 
P5p = spinodal pressure
R = distance between the scattered volume and detector 
T  = temperature, K or °C 
Tc = critical temperature
Tsp = spinodal temperature
Vl = partial specific volume o f solvent
Vs = scattered volume, determined by the geometry o f the experiment 
WtJ — interaction energy between molecule i and j
c = polymer concentration in mass/volume 
k -  Boltzmann’s constant,» lJSxlO '^J/K  
ltJ = range of interaction energy between molecule i and j
m = segment number 
n = refractive index of solution
ua / k  = temperature-independent dispersion energy of interaction between segments
v°°=  temperature-independent segment volume 
X 2 = mass fraction of polymer 
n  = osmotic pressure of solution
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<l>2 = volume fraction of polymer
A = wavelength of the light source
Q = interaction-energy density o f polymer solution
a =  constant in the light-scattering equation that depends on whether the light source 
is polarized or not 
6  = scattered angle
X = reduced squared-well-potential range
= chemical potential of component i on phase I 
ca, = volume of a molecule of component i
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Chapter 4 Fluid-Liquid and Fluid-Solid Transitions of 
Poly(ethylene-c0 -octene-l) in Sub- and Supercritical Propane
Solutions
Introduction
The phase behavior of polymer solutions in sub- and supercritical fluids is 
usually a major unknown in designing new polymerization reactors, heat 
exchangers, and separators that can operate in an efficient and fouling-free manner 
(Folie 1995). This is the case, for example, for ethylene-copolymers, such as 
poly(ethylene-co-octene-1 ), where we need thermodynamic models and 
experimental data.
Many investigators have reported phase equilibrium data for polyethylene 
and ethylene-copolymers in hydrocarbons; for example, polyethylene in ethylene 
(de Loos 1996); polyethylene in propane (Condo 1992, Ehrlich 1964); 
poly(ethylene-co-propylene) with varying propylene concentration, hence polymer 
crystallizability, in C5 -  C9 alkanes (Charlet 1981); and propylene, 1-butene, 1- 
hexene, and 1-octene copolymers of ethylene in propane (Han 1998). These 
previous studies concentrated the molecular-weight and branch-density effects on 
the fluid-liquid (FL) phase behavior, usually characterized in terms of the cloud- 
point pressure. However, the fluid-solid (FS) phase behavior of ethylene- 
copolymers in subcritical and supercritical fluids has not been well characterized 
yet.
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The objective of this paper, therefore, is to understand how FL and FS phase 
transitions o f poly(ethylene-co-octene-1) (EO) depend on the concentration of 
polymer, its molecular weight, and its branch density in subcritical and supercritical 
propane solutions. The approach is to measure both transitions in a batch optical cell 




FL and FS phase equilibria are measured in a batch optical cell with a 
transmitted-light probe. A simplified schematic of the unit is shown in Figure 4-1. A 
detailed description of the equipment and procedures is provided by Chan et al. 
(1998) In brief, the phase transitions can be either observed visually on a video 
monitor, via a borescope, or detected using a transmitted-light probe. The accuracy 
for the pressure transducer is ± 0.5 bar, and is ± 0.1°C for the temperature probe. A 
known amount of polymer and solvent is placed in the cell and well mixed until 
equilibrium is reached. The FL pressure, also referred to as the cloud-point pressure, 
is measured at constant temperature, and the FS temperature is measured at constant 
pressure. The cloud-point pressure is also characterized visually as being either of 
the bubble- or dew-point type (Chan 1998).
The FL pressure is measured by lowering the pressure until the mixture turns 
cloudy, which sharply decreases the transmitted-light intensity. The result is then 
checked by raising the pressure until the mixture is completely clear. The difference 
is found to be significant (less than 2 bar). Therefore, the pressure at which the 
mixture turns cloudy is taken as the FL pressure in this study. The FS temperature is
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Figure 4-1. Schematic of the batch optical cell with the transmitted-light probe.
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measured isobarically by both cooling and heating; during cooling, the solution 
turns cloudy, and during heating, the cloudy solution turns clear. Both the cooling 
and heating rates are kept less than l°C m in1 to minimize kinetic effects. The 
difference between the cooling* and heating-induced FS temperature is found to be 
around 10 -  15 K. This is expected as suggested, for example, by Kohn et a l.8 and 
Condo et al. (1992) The reason for this discrepancy between the cooling-induced 
and heating-induced FS temperature is a sub-cooling effect, which inhibits the 
nucleation o f crystals in solution. The superheating effect, which inhibits the 
dissolution of crystals, is believed to be usually less significant and, hence, the 
heating-induced FS temperature is usually accepted as being closer to a true 
equilibrium FS temperature.
Materials
Three EO samples are used in this work. They all have a generic structure 
shown in Figure 4-2; the number of side hexyl branches (shaded segments) per unit 
backbone (blank segments) varies from sample to sample. These samples are 
characterized with differential scanning calorimetry (DSC), temperature rising 
elution fractionation (TREF), and gel permeation chromatography (GPC). Their 
properties are given in Table 4-1. These samples are coded in terms of the branch 
density (BD) and weight-averaged molecular weight (Mw). BD is defined as the 
number of branches per 100 ethyl units in the polymer backbone and hence it is a 
measure of the comonomer incorporation. For example, EO-4-80k has BD of 4 and 
Mw of about 80,000 g-mol'1. EO-4-80k is a cross-fractionated sample: first 
fractionated with respect to crystallinity using preparative TREF in propane, then re­
fractionated with respect to molecular weight using a pressure-increasing mode in
67
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Figure 4-2. Generic EO Structure
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BD Mw /  kgm ol'1 M^/H, DSC Tb/°C* DSC Tc/°Ca
EO-4-80k 13.9 4 83 1.62 105.5 923
EO-8-120k 25.8 8 115 2.1 87.2 68.3
EO -l4-l20k 38.7 13.6 120 1.44 55.5 41.8
a. Th = heating-induced temperature, Tc = cooling-induced temperature
69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
supercritical propane. EO-14-120k is fractionated only with respect to molecular 
weight in supercritical propane, and EO-8-120k is used without fractionation or 
purification. Propane (99.5% purity) is obtained from Praxair and also used without 
further purification.
SAFT Modeling
The experimental data obtained in this work are correlated with two versions 
of the SAFT equations of state, SAFT (Huang 1990, Banaszak 1996) and SAFT1 
(Adidharma 1998), which enable us explicitly to account for variable polymer 
microstructure due to the variability in comonomer incorporation. SAFT is 
developed on the basis of an argon equation of state for the segment term and a 
hard-sphere pair-correlation function for the chain term (Huang 1990), and extended 
to heterosegmented molecules, such as copolymers (Banaszak 1996). SAFT1 is 
developed on the basis of a perturbation theory of square-well fluids (Barker- 
Henderson’s perturbation theory) for the segment term and a  square-well pair- 
correlation function for the chain term (Adidharma 1998).
For non-associating fluids, the dimensionless residual Helmholtz energy of 
chain molecules in the SAFT equation o f state is given by
a™  - a ^  + a chain (4-1)
where a xg is the segment term that accounts for non-ideality o f the reference fluid 
of non-bonded chain segments (monomers) and a cte" is the chain term that accounts 
for covalent bonding.
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The parameters for both versions o f SAFT are the segment number m, the 
segment molar volume v°° in mL mol'1, and the segment energy u°/k in K. SAFT1 
also requires an extra parameter X, which is the reduced range of the potential well. 
All the parameter values used in this work are given in Table 4-2. The detailed 
equations are not presented here because they can be found in references (Huang 
1990, Banaszak 1996) for SAFT and in reference (Adidharma 1998) for SAFT1. 
Although the polymers used in this work are polydisperse, SAFT and SAFT1 model 
the polymer as a monodisperse component
We model poly(ethylene-co-octene-1) as a heterosegmented chain, as shown 
in Figure 4-2. It consists of two types of segments, the backbone type and the 
branch type, which are connected with three types of bonds, backbone-backbone, 
backbone-branch, and branch-branch. Each segment type has a unique set of SAFT 
parameters. The parameters for the backbone-type segments are obtained from a 
correlation developed for long n-alkanes (Huang 1990, Banaszak 1996). Since six- 
carbon branches are attached to a polyethylene backbone in EO, the branch-type 
segments are assumed to have the same SAFT segment parameters as n-hexane.
EO chains are characterized with two structure parameters that can be 
estimated from the branch density or the comonomer fraction. The first structure 
parameter is the segment fraction,
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Propane 2.696 13.457* 193.03* n/a
EO-O-lOk 532.480 12.00* 210.0* n/a
EO-0-120k 4688.728 12.00* 210.0* n/a
EO-4-80k 2379.701 12.00 12.475 210.0 202.720 n/a
EO-8-I20k 2552295 12.00 12.475 210.0 202.720 n/a
EO-14-120k 3872.405 12.00 12.475 210.0 202.720 n/a
Propane 1.667 16.747* 193223* 1.6914*
EO-O-lOk 271.517 25.172* 281.479* 1.6545*
E0-0-120k 2388.800 25.207* 281.985* 1.6542*
SAFT1
EO-4-80k 1212.530 25.203 21.086 281.922 222.578 1.6542 1.6885
EO-8-120k 1300.455 25203 21.086 281.930 222.578 1.6542 1.6885
EO-14-120k 1972.948 25206 21.086 281.971 222.578 1.6542 1.6885
a. For propane and polymer without branches, there is only one u°/k, v°° and X for 
the entire molecule.
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where ma / is the number o f segments of type a  in chain i and m, is the number of all 
segments in chain i. For EO, the following working equations are used to calculate 
the backbone-type and the branch-type segment fractions:
2 0 0
Ybackbone 200 + (6 X 5D) C '
ybranch ^ Ybackbone ( ^ )
The segment fraction is used to calculate the segment fraction o f type or in the 
whole mixture,
Y,YaJm'X<
x ° =  VmJF" (4 “5)^  i i
where X t is the mole fraction of chain / (component f) in the mixture. The second 





where the term in the numerator is the number of bonds of type a fi in chain / and the 
term in the denominator is the total number of all bonds in chain /. For EO, the 
following working equations are used to calculate the three bond fractions:
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200 (4-7)200 + (6 x BD)
BD (4-8)200 + (6 x BD)
(4-9)
The values for all the segement and bond fractions are given in Table 4-3.
Fluid-Solid Equilibria Calculation
SAFT has been applied to calculating the crystallization temperature o f 
crystalline and semi-crystalline binary systems (Pan 1999), where the crystalline
solid polymer are assumed to be independent of temperature and pressure. In this 
work, we show that these assumptions are accurate to represent the FS temperatures 
for poly(ethylene-co-octene-l) + propane systems as well.
The final expression for this approximation, developed from the equality of 
fugacities of the polymer in the solution and solid phase in reference (Pan 1999), is 
as follows:
In
O v  1Tp-*-p \* H U( Tm
\
-1 .PAv
K YP J 1 >
a { T J +  RT
where <|>pL is the fugacity coefficient of polymer in solution, <J>P° is the fiigacity 
coefficient of pure liquid polymer, xpL is the polymer mole fraction in solution, Tm 
is the equilibrium melting temperature o f pure polymer, AH„ is the enthalpy of
phase is assumed to be pure polymer and the density of the pure liquid and pure
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Table 4-3. Bond fractions and segment fractions for polymers










EO-O-lOk'’ I 0 0 1 0
EO-0-120kb 1 0 0 1 0
EB-5-100kc 0.950 0.025 0.025 0.950 0.050
EH-5-100kc 0.915 0.021 0.064 0.915 0.085
EO-4-80k 0.893 0.018 0.089 0.893 0.107
EO-8-120k 0.807 0.032 0.161 0.807 0.193
EO-14-120k 0.710 0.048 0.242 0.710 0.290
a. bb-bb = backbone to backbone, bb-br = backbone to branch, br-br = branch to 
branch
b. EO-O-lOk = NIST 1482 and E0-0-120k = NIST 1484 (data from Condo et al 
(1992))
c. EB = Poly(ethylene-co-butene-1) and EH = Poly(ethylene-co-hexene-l) (data 
from Han et al.(1998))
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melting per mole crystal unit at Tm (» 8.22 kJ/mol crystal unit) (vanKrevelen 1990), 
Av is the molar volume difference between pure liquid polymer and pure solid 
polymer (« 4.937 cm3/moI crystal unit) (1988), and Uc is the effective number of 
crystal units in a molecule, that is, the units that are actually crystallized at any 
given set of conditions.
The equilibrium melting temperature o f pure copolymer Tm depends on the 
melting point of the homopolymer Tm° (« 415 K) (vanKrevelen 1990), AHU, and the 
mole fraction of the crystal units p according to the following relationship 
(Richardson 1963)
^  In p  (4-11)
In order to determine uc, we define an auxiliary parameter c as follows:
c = — (4-12) 
u
where u is the total number of crystallizable units in a molecule, c is estimated by 
fitting to experimental data. The values for Tn, u and c are reported in Table 4-4.
Following Flory (1963), u is taken to be the total number of ethylene units 
per molecule. Hence, u can be determined from the molecular structure alone; the 
higher the branch density of the EO, the lower the number of ethylene units. On the 
other hand, uc may also depend on other factors, such as solvent type and solvent
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EO-O-lOk 141.85 407 0.85 1.00
E0-0-120k 141.85 3589 0.85 1.00
EO-4-80k 135.07 1568 0.69 0.81
EO-8-120k 128.98 1483 0.67 0.77
EO-14-120k 117.82 1817 0.66 0.75
a. Melting temperature calculated from eq 4-11
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ratio. In this work we use only one solvent, i.e. propane, thus we only explore the 
effect of molecular structure on Uc. The other factors will be explored in our future 
work.
Results and Discussion
The experimental phase-transition data obtained in this work are reported in 
Table 4-5. These data provide a basis for estimating kjj’s and c.
Since the EO molecules consist of two types o f segments, backbone-type 
and branch-type, three kjj’s must be estimated, i.e. kiMdtbonc-propne, kbmdi-propanc and 
kbadcbonc-branch f°r both SAFT and SAFT1. We set kbackbone-btwch = 0 and fit the other 
kjj’s to experimental FL pressures; kbackbonc-propanc is fitted to the experimental data 
for EO-0-120k+propane taken from reference (Condo 1992) at polymer weight 
fraction o f 0.0025 to 0.075, and kbnnch-propne is fitted to the cloud-point data of EO- 
14-120k+propane system from this work at polymer weight fraction o f0.049. These 
kjj’s are allowed to be temperature dependent. Figure 4-3 shows a plot of kjj as a 
function o f temperature, and Table 4-6 gives kjj correlations.
The parameter c is fitted to the FS transition data for EO-0-120k, EO-4-80k, 
and EO-14-120k+propane from this work at polymer weight fraction of about 0.05. 
We note that this parameter is likely to be somewhat model specific. This is shown 
in Table 4-4 and Figure 4-4, where we observe a systematic difference in c derived 
from SAFT and SAFT1. We find that c decreases as the percent comonomer, hence 
branch density, increases; c reaches an asymptotic value at about 40 wt % 
comonomer. This behavior is well represented by the following empirical equation:
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.








T /°C P/bar Transitiontype
EO-4-80k 180.0 534 FL 47.8 1000 FS*
(0.05) 140.0 528 FL 52.1 1400 FS*
120.0 528 FL 37.1 700 FS
100.0 532 FL 38.2 1000 FS
95.0 535 FL 41.7 1400 FS
90.0 537 FL
91.1 700 FS* EO-14-I20k 180.0 386 FL
93.1 1000 FS* (0.01) 140.0 360 FL
97.0 1400 FS* 100.0 332 FL
80.5 700 FS 70.0 348 FL
80.8 1000 FS 60.0 378 FL
83.8 1400 FS 40.1 700 FS*
40.8 1000 FS*
EO-8-120k 180.0 485 FL 43.2 1400 FS*
(0.49) 140.0 471 FL 29.1 700 FS
100.0 463 FL 29.3 1000 FS
83.3 700 FS* 31.5 1400 FS
84.2 1000 FS*
86.1 1400 FS* EO-14-l20k 180.0 404 FL
72.9 700 FS (0.10) 140.0 379 FL
74.1 1000 FS 100.0 355 FL
76.9 1400 FS 53.3 700 FS*
53.9 1000 FS*
EO-L4-l20k 180.0 408 FL 56.1 1400 FS*
(0.049) 140.0 384 FL 42.5 700 FS
100.0 356 FL 43.1 1000 FS
70.0 337 FL 44.7 1400 FS
60.0 336 FL
47.3 700 FS*
a. Transition type: FL = fluid-liquid transition, FS* = fluid-solid transition upon 
heating, FS = fluid-solid transition upon cooling
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Table 4-6. Binary interaction parameter ky as an empirical function o f temperature
kii Correlation* System fitted T range°C
SAFT
kbadtbonc-propane 0.0218 EO-0-120k+propane 70-180
kbranch-propanc 0.14249-(4.45455x 10"*)T EO-14-120k+propane 70-180
SAFT1
kbackbone-propane 0.0058-6x 10'5(T-393.15) EO-0-120k+propane 70-180
kbranch-propanc , ,  ,„-5>  ( 7"-42.49080-0.03101- 1.33x10 lexpl---------------
V. )  \  53.41292 J
EO-14-120k+propane 70-180
a. T in the correlation is in K.
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Figure 4-3. ky as a function of temperature
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Figure 4-4. Parameter c as a function o f weight percent octene-1 in EO
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(  wtKcomonomer}
c = c0+cxe ^  * '  (4-13)
where co, c i  and c? are constants listed in Table 4-7. This equation is illustrated in 
Figure 4-4 for SAFT and SAFT1.
The kjj correlations given in Table 4-6 and eq 4-13 are used for all the 
predictions discussed below.
First, however, Figure 4-5 compares the experimental results o f this work for 
EO in propane with those of Han et al. (1998), for poly(ethylene-co-butene-l), EB 
and poly(ethylene-co-hexene-l), EH, also in propane, and at a similar BD of about 
4. Han et al. find that increasing branch length, i.e. going from ethyl branch in EB to 
butyl branch in EH, decreases the FL pressure. Our results are essentially consistent 
with this trend: the EO pressure is lower than the EH pressure.
Figure 4-6 shows a P-T diagram measured in this work for EO-14- 
120k+propane. The FL points (filled) exhibit U-LCST behavior. The FS points 
(open) suggest a slightly positive slope, which means that the FS temperature 
increases with increasing pressure. The FL pressures are around 400 bar, whereas 
the FS temperatures are between around 40 and 50 °C. At pressures above the FL 
pressure and at temperatures higher than the FS temperature, the solution is in the 
one-phase region. If pressure is decreased below the FL pressure, as long as the 
temperature is higher than 50 °C, the one-fluid solution will split into two liquid 
phases. On the other hand, if the temperature is decreased below the FS temperature,
83
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Table 4-7. Constants used to calculate c from eq 4-13
co Cl C2
SAFT 0.66074 0.18912 7.37584
SAFT1 0.74415 0.25585 10.24123
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■ EO-4-80W (This Work)
500  " i | i —...| i * ~1 - i
50 100 150 200
Temperature (°C)
Figure 4-5. P-T phase boundaries for EB-5-100k, EH-5-100k and EO-4- 
80k+propane at 0.05 polymer weight fraction. Experimental data for EB and EH are 
from Han et al. (1998)
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Figure 4-6. P-T phase boundaries for EO-14-120k+propane at different EO weight 
fraction
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as long as the pressure is higher than 400 bar, the one-fluid solution will split into 
one liquid and one solid phase.
Figures 4-7 and 4-8 illustrate the effect o f EO weight fraction on the FL 
pressure for EO-14-120k+propane. We find that polymer concentration has a 
relatively weak effect on the FL pressure in the range of this study (0.01 to 0.1 
polymer weight fraction). The critical polymer concentration for EO-14- 
120k+propane is experimentally found to be between 0.0S to 0.1 polymer weight 
fraction. SAFT and SAFT1 underestimate the critical polymer concentration. This is 
expected because both SAFT and SAFT1 crudely approximate EO as a single 
monodisperse pseudo component, and hence do not account for the actual 
differences in polydispersity. In general, the higher the polydispersity index, the 
greater the critical point shift toward the higher polymer concentrations (Folie 
1995); the critical point no longer coincides with the maximum of the cloud-point 
curve.
Figure 4-7 also shows that the SAFT -calculated isotherms at 60 °C and 100 
°C exhibit two cross-over points. One is in the dew-point range at around 340 bar 
and 0.005 polymer weight fraction (A) and the other is in the bubble-point range at 
around 315 bar and 0.15 polymer weight fraction (B). This means that, when the 
polymer weight fraction is between 0.005 to 0.15, the FL pressures first decrease 
with decreasing temperature, then increase with decreasing temperature. This is 
characteristic of U-LCST behavior. Our experimental data show the same behavior 
in Table 4-5. All the cloud-point data, measured at 0.01, 0.049 and 0.098 polymer 
weight fraction exhibit such a U-LCST behavior.
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Figure 4-7. P-X phase boundaries for EO-14-120k+propane. Symbols are 
experimental data; circles at 180°C and squares at 140°C. Lines are calculated from 
SAFT
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EO weight fraction
Figure 4-8. P-X phase boundaries for EO-14-120k+propane- Symbols are 
experimental data; circles at 180°C and squares at 140°C. Lines are calculated from 
SAFT1
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Therefore, the cross-over calculated by SAFT is, at least qualitatively, consistent 
with this behavior. SAFT1, however, does not capture this behavior, at least from 
180 down to 60 °C, as shown in Figure 4-8.
Figure 4-9 shows the effect of EO weight fraction on the FS temperature for 
EO-14-120k+propane. In general, as expected, the FS temperature increases with 
increasing EO concentration. Also, as usual, the heating-induced FS temperatures 
are systematically higher than those induced by cooling (by about 10 degree). The 
difference is due to the sub-cooling effect of the crystal formation during cooling, as 
it is explained earlier. Moreover, the FS temperature increases with increasing 
pressure. Both SAFT and SAFT1 are found to approximate the FS temperature 
dependence on the EO weight fraction and pressure, but not to be very accurate in 
the low EO-weight-fraction range. Also, we cannot verify the high EO-weight 
fraction predictions.
Figure 4-10 shows the effect of EO molecular weight. As usual, increasing 
EO molecular weight increases the FL pressure. On the other hand, the EO 
molecular weight has a small effect on the FS temperature. By increasing the EO 
molecular weight by a factor of 12 times, from 10k to 120k g-mol*1, the FS 
temperature is found to increase only by about 3 °C. Again, SAFT and SAFT1 at 
least qualitatively account for this effect.
Figure 4-11 shows the effect of branch density. In general, increasing branch 
density decreases the FL pressure and FS temperature. The decrease in the FL 
pressure is due to decreasing polymer density and, therefore, decreasing the density 
difference between the polymer and solvent. The decrease in the FS temperature is
90
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Figure 4-9. T-X phase boundaries for EO-14-120k+propane
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Figure 4-10. P- T phase boundaries for EO-O-lOk and E0-0-120k+propane at 0.05 
EO weight fraction. Experimental data are from Condo et al. (1992)
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Figure 4-11. P-T phase boundaries for E0-0-120k, EO-4-80k, EO-8-120k and EO- 
14-120k+propane at 0.05 EO weight fraction
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due to decreasing the number o f crystallizable units, u. Both SAFT and SAFT1 
capture these trends nearly quantitatively, except for EO-8-120k, which is probably 
due to the branch-density non-uniformity in this sample.
Conclusions
Fluid-liquid (FL) and fluid-solid (FS) phase equilibria data are measured and 
correlated with two SAFT equations of state for poly(ethylene-co-octene-l) 
solutions in sub- and supercritical propane. The polymer concentration is found to 
have a weak effect on both FL and FS transitions in the range of this study (0.01 to 
0.1 polymer fraction). Increasing molecular weight is found to increase the FL 
pressure and FS temperature, whereas increasing branch density is found to decrease 
the FL pressure and FS temperature. Both SAFT and SAFT1 are found to capture 
these trends nearly quantitatively.
Nomenclature
TREF = temperature rising elution fractionation 
Bap,i = bond fraction of type af3 in chain /




FL = fluid-liquid 
FS = fluid-solid
GPC = gel permeation chromatography
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AHu = enthalpy of melting per mole crystal unit at Tm (* 8.22 kJ/mol crystal unit)
M„ = number averaged molecular weight (g-mol'1)
Mw = weight averaged molecular weight (g*raol'1)
T = temperature
Tm = equilibrium melting temperature of pure polymer 
a m  = dimensionless residual Helmholtz energy of chain molecules 
a ”*  = segment term that accounts for the non-ideality o f the reference fluid o f non­
bonded chain segments (monomers)
-cham _  gjjgiu term tjlat accounts for covalent bonding 
bb = backbone 
br = branch
c = crystallizability of polymer 
kij = binary interaction parameter 
m = segment number
mi = number of segments of type a  in chain i
mo,i = number of all segments in chain /
nctpj = number of bonds of type a ft  in chain i
p = mole fraction of the crystal units
u = number of crystal units in a molecule
Uc = number of crystal units in a molecule that are crystallized
u°/k = segment energy (K)
xpL = polymer mole fraction in solution
Xa = segment fraction of type a  in the mixture
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(j>pL = fugacity coefficient of polymer in solution 
<f>p° = fugacity coefficient of pure liquid polymer 
Yo,i -  segment fraction of type a  in chain i 
X = reduced range of potential well 
v 00 = segment molar volume (mL-mof1)
Av = molar volume difference between pure liquid polymer and pure solid polymer 
(* 4.937 cm3/mol crystal unit)
96
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 5 Fluid-Liquid Transitions of Poly(ethylene-co-octene-l) in
Supercritical Ethylene Solutions
Introduction
The phase equilibria of ethylene-copolymer solutions in sub- and 
supercritical fluids are sensitive to the molecular weight and microstructure o f the 
copolymer. Previous investigators examined the phase behavior o f polyethylene in 
supercritical ethylene (de Loos 1983,1995, Heukelbach 1998, Rousseaux 1985). 
Gregg et al. (1993) studied the effect o f polymer molecular weight on the phase 
behavior of poly(ethylene-co-propylene) solutions in supercritical ethylene and 
propylene. Chen et al. (1999) reported phase transition data, both fluid-liquid and 
fluid-solid, for poly(ethylene-co-butene-l) solutions in supercritical ethylene and 
butene-1, where the copolymer had variable butene-1 concentration and hence 
variable short-chain branch density.
The objective of this work is to determine experimentally the phase 
boundaries of relatively uniform and well characterized poly(ethylene-co-octene-l) 
in solutions with supercritical ethylene toward understanding the effects of polymer 
concentration, molecular weight and branch density. An additional objective is to 
correlate these data with two polymer equations of state. In a separate paper (Chan 
1999), we report how fluid-liquid and fluid-solid transitions in sub- and supercritical 
propane are affected by poly(ethylene-co-octene-1) molecular weight and branch 
density.
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A qualitative pressure-temperature (P-T) phase diagram of a  monodisperse 
and amorphous polymer-solvent system, similar to that discussed by Folie and 
Radosz (1995), is shown in Figure 5-1. As usual, the fluid-liquid (FL) phase 
boundary curves are labeled as being of the upper-critical-solution-temperature 
(UCST) type and o f the lower- critical-solution-temperature (LCST) type. As the 
degree of molecular asymmetry between the polymer and solvent increases, e.g. as 
the molecular weight and density differences increase, the UCST and LCST curves 
approach each other. Eventually, the two curves merge to become a single curve, 
labeled U-LCST in Figure 5-1, as suggested by Chen and Radosz (1992). For 
crystallizable polymer-solvent systems, however, fluid-solid (FS) boundaries are also 
observed, but they are not shown in Figure 5-1. This is because, even though EO can 
be crystallizable, this study is limited to FL transitions only.
Experimental Section
The FL boundaries are measured in a batch optical cell equipped with a 
transmitted-light probe. A simplified schematic of the unit is shown in Figure 5-2. 
The details of the experimental apparatus and procedure used in this work are 
described elsewhere (Chan 1998), so only a brief overview is given here. The 
floating piston in the cell controls the volume, and hence pressure, at constant 
temperature and composition. The phase-transition (cloud-point) pressure can be 
either observed visually on a video monitor, via a borescope, or detected using a 
transmitted-light probe. The cloud-point pressure is also characterized visually as 
being either of the bubble- or dew-point type.
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Figure 5-1. Generic P-T phase diagram of an amorphous monodisperse polymer- 
solvent system exhibiting a U-LCST boundary.
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Figure 5-2. A Schematic of the batch optical cell with the transmitted-light probe
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Five EO samples are used in this study. They all have a generic structure 
shown in Figure 5-3; the number of side hexyl branches (shaded segments) per unit 
backbone (blank segments) varies from sample to sample. These samples are 
characterized with differential scanning calorimetry (DSC), temperature rising 
elution fractionation (TREF), and gel permeation chromatography (GPC). The 
properties of the polymer samples used in this work are summarized in Table 5-1. 
These samples have a polydispersity index (PI = M*/Mn) around 2 or less. Figure 5-4 
shows an example o f a DSC trace for EO-4-80k, which has a heating-induced peak 
around 105 °C. The samples are coded in terms of branch density (BD), and weight- 
averaged molecular weight (Mw). BD is defined as the number o f branches per 100 
ethyl units in the polymer backbone and hence it is a measure o f the comonomer 
incorporation. For example, EO-14-150k has BD of 14 and Mw of about 154,000 
g'mol'1. The sample coded EO-0-30k is used in this study as a branch-free, limiting 
case for EO. This is a linear polyethylene fraction with a narrow molecular weight 
distribution purchased from the National Institute of Standards and Technology 
(NIST), designated as the Standard Reference Material (SRM) 1483. Also, EO-4-80k 
is a cross-fractionated polymer: first fractionated with respect to branch density 
(crystallizability) using preparative TREF in propane, then re-fractionated with 
respect to molecular weight using a pressure-increasing mode in supercritical 
propane.
In order to suppress the ethylene polymerization during the experiment, the 
cell is first flushed with ethylene several times to remove oxygen from the cell. Also, 
a small amount of butylated hydroxytoluene is added as an oxidation inhibitor, as
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Figure 5-3. Generic EO structure
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Figure 5-4. DSC for EO-4-80k
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BD Mw /  kg»mol*‘ M-/M. DSC Th/°Cb DSC Tc/0Cb
E0-0-30k* 0 0 32 1.19 - -
EO-4-80k 13.9 4 83 1.62 105.5 92J
EO-8-120k 25.8 8 115 2.1 87.2 68.3
EO-13-20k 36.5 12.6 26 23 72.3 58.8
EO-14-I50k 38.7 13.6 154 2.0 58.3 41.4
a. EO-0-30k = NIST SRM1483
b. Th = heating-induced temperature, Tc = cooling-induced temperature
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suggested by Spahl and Luft (1981). The cloud-point pressure measurements at the 
same composition and temperature for the same load are usually repeated the next 
day to test for polymerization. We find that the cloud-point pressure is reproducible 
and conclude that the ethylene polymerization does not affect the measurements.
Ethylene (99.9% min. purity) is obtained from Matheson Gas Products and 
used without further purification. Butylated hydroxytoluene is obtained from Sigma 
Chemical.
SAFT Modeling
The experimental data obtained in this work are correlated with two versions 
of the SAFT equation of state, SAFT (Huang 1990, Banaszak 1996) and SAFT1 
(Adidharma 1998). SAFT is developed on the basis of an argon equation of state for 
the segment term and a hard-sphere pair-correlation function for the chain term 
(Huang 1990), and extended to heterosegmented molecules, such as copolymers 
(Banaszak 1996). SAFT1 is developed on the basis of a perturbation theory o f 
square-well fluids (B arker-Henderson ’ s perturbation theory) for the segment term 
and a square-well pair-correlation function for the chain term (Adidharma 1998).
The dimensionless residual Helmholtz energy o f chain molecules a™ in both 
models can be expressed as
a m = a 5tg + a cham + a assoc (5-1)
where a scg is the segment term that accounts for non-ideality of the reference fluid
of non-bonded chain segments (monomers), a ci>am is the chain term that accounts for
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covalent bonding and a a“oc is the association term that accounts for the association 
such as hydrogen bonding. Since the systems examined in this work do not exhibit 
specific interactions that can lead to association, we set a ‘aux equal to zero.
The parameters needed for both versions of SAFT are the segment number m, 
the segment molar volume v°° in mL-mol*1, and the segment energy u°/k in K. 
SAFT1 also requires an extra parameter X, which is the reduced range of the 
potential well. All the parameter values used in this work are given in Table 5-2. The 
detailed equations are not presented here because they can be found in references 
(Huang 1990, Banaszak 1996) for SAFT and in reference (Adidharma 1998) for 
SAFT1.
For small molecules, such as ethylene, the pure-component parameters are 
obtained by fitting experimental vapor pressure and liquid density data. For 
polymers, such as poly(ethy!ene-co-octene-1), the pure-component parameters are 
obtained by dividing polymeric chains into segments, and estimating segment 
parameters. For example, EO consists of two types of segments, the backbone type 
and the branch type, which are connected with three types of bonds, backbone- 
backbone, backbone-branch, and branch-branch. Each segment type has a unique set 
of SAFT parameters. The parameters for the backbone-type segments are obtained 
from a correlation developed for long n-alkanes references (Huang 1990, Adidharma 
1998). For the sake of simplicity, the six-carbon side branches are assumed to have 
the same parameters as n-hexane.
Both SAFT and SAFT1 also require the segment and bond fractions for each 
polymer as explained in reference (Banaszak 1996). Another reference (Chan 1999)
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Ethylene 1.464 18.157* 212.06* n/a
E0-0-30k 1348.802 12.00* 210.0* n/a
EO-4-80k 2379.701 12.00 12.475 210.0 202.720 n/a
SAFT
EO-8-l20k 2552.295 12.00 12.475 210.0 202.720 n/a
EO-13-20k 532.150 12.00 12.475 210.0 202.720 n/a
EO-l4-150k 3527217 12.00 12.475 210.0 202.720 n/a
Ethylene 1.383 14.496 146.824 1.7372
E0-0-30k 687.369 25.196 281.824 1.6543
EO-4-80k 1212.530 25.203 21.086 281.922 222.578 1.6542 1.6885
SAFT1
EO-8-120k 1300.455 25.203 21.086 281.930 222.578 1.6542 1.6885
EO-I3-20k 266.764 25.171 21.086 281.469 222.578 1.6545 1.6885
EO-14-150k 1797.102 25206 21.086 281.965 222.578 1.6542 1.6885
a. For ethylene and polymer without branches, there is only one u°/k, v00 and X for 
the entire molecule.
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Table 5-3. Bond fractions and segment fractions for polymers










EO-0-30k 1 0 0 1 0
EO-4-80k 0.893 0.018 0.089 0.893 0.107
EO-8-120k 0.807 0.032 0.161 0.807 0.193
EO-13-20k 0.726 0.046 0.228 0.726 0.274
EO-14-150k 0.710 0.048 0.242 0.710 0.290
a. bb-bb = backbone to backbone, bb-br = backbone to branch, br-br — branch to 
branch
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specifically describes how to calculate these fractions for EO; they are given in Table 
5-3.
A binary interaction parameter, kjj, is also needed that is fitted to the 
experimental data. In this work, two kij’s are kbb-cthyicnc for the interaction between 
backbone and ethylene and kbr-ethyicne for the interaction between branch and ethylene.
For the record, even though the polymer samples used in this work are 
polydisperse, we approximate them in our calculations as monodisperse components 
assuming, arbitrarily, that their molecular weight is equal to the weight averaged 
molecular weight of the sample.
Results and Discussion
The experimental data obtained in this work are given in Table 5-4 and used 
in figures illustrating the effects of EO concentration, molecular weight, and branch 
density. In all the figures, open symbols represent dew-point transition, filled 
symbols represent bubble-point transition, solid lines are calculated from SAFT, and 
dashed lines are calculated from SAFT1.
In order to estimate the binary-interaction parameter (kjj) values for SAFT 
and SAFT1, kjj is adjusted to fit the experimental data for two polymers only, EO-O- 
30k and EO-l4-l50k. Specifically, kbb-ethyiene is adjusted to fit the cloud-point data for 
EO-0-30k+ethylene system. Then, separately kbr-cthyiene is adjusted to fit the cloud- 
point data for EO-14-150k+ethylene system at 130-180 °C and 0.05 -  0.15 polymer 
weight fraction, and kbb-br is set to be zero. These kjj’s are allowed to be weakly 
temperature dependent. Results of such a kjj regression are shown in Figure 5-5 for 
both EO-0-30k and EO-14-150k, and in Table 5-5 for kjj. The kjj correlation shown
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E0-0-30k 180.0 1406 DP




























EO-4-80k 180.0 1362 BP
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112.0 1668 BP
EO-8-120k 180.0 1303 BP
(0.105) 159.9 1350 BP
140.0 1408 BP
120.0 1504 BP
EO-13-20k 180.0 1097 BP








EO-14-150k 180.0 1221 DP



















a. Transition type: DP = dew-point transition, BP = bubble-type transition
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Table 5-5. Binary interaction parameter kjj as an empirical function of temperature
kii Correlation* System fitted T range°C
SAFT
kbackbonc-cthylenc 0.064+1x1O^T-403.15) EO-0-30k+ethylene 130-180
kbranch-ethylene 0.05783-2.5x10*5T EO-14-15 Ok+ethy lene 130-180
SAFT1
kbackbone-ethylene 0.0204-8x10'5(T-403.15) EO-0-30k+ethylene 130-180
kbranch-cthylenc 0.01266-5x10‘5T EO-14-150k+ethylene 130-180
a. T in the correlation is in K.
112
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
in Table 5-5 are used for all the other calculations in this work without further 
readjustment, so all the other calculated results represent predictions, and not fitting.
To put the curves from Figure 5-5 in perspective, Figure 5-6 shows an 
example o f a larger P-T phase diagram for a fictitious polymer “E0-100-150k” in 
ethylene calculated with SAFT. The cloud-point curve shown in Figure 5-6 exhibits 
UCST behavior and it decreases with increasing temperature all the way to a 
hypothetical critical temperature o f the polymer. We know, of course, that real 
polymers thermally decompose well before they reach their critical temperatures. In 
this work, we are interested in the low temperature region shown with a box in 
Figure 5-6.
Figures 5-7 and 5-8 illustrate the effect of EO concentration on the cloud- 
point pressure for EO-0-30k+ethylene and EO-14-150k+ethylene at 140 and 180 °C. 
The cloud-point curves are observed to be rather flat in the concentration range of 
this study (0.05 — 0.15 polymer weight fraction) for both polymers, which means that 
the polymer concentration has a weak effect on the cloud-point pressure in this range. 
This is expected around the critical region of polymer solutions. The experimental 
critical polymer concentration (Xc) is found to be between 0.075 to 0.10 polymer 
weight fraction for EO-0-30k and 0.05 to 0.10 polymer weight fraction for EO-14- 
150k. Both SAFT and SAFT1 underestimate Xc. This is expected because our 
calculations do not account for the EO polydispersity. In general, the higher the 
polydispersity index, the greater the Xc shift toward the higher polymer 
concentrations (Folie 1995); Xc no longer coincides with the maximum of the cloud- 
point curve.
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Figure 5-5. Experimental and calculated, from SAFT and SAFT1, P-T phase 
boundary for E0-0-30k and EO-14-150k+ethylene at 0.1 polymer fraction.
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Figure 5-6. P-T phase diagram for a fictitious polymer “EO-100-150k”.
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Figure 5-7. Experimental and calculated, from SAFT and SAFT1, P-X phase 
boundaries for EO-0-30k+ethylene at 140°C and 180°C.
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Figure 5-8. Experimental and calculated, from SAFT and SAFT1, P-X phase 
boundaries for EO-14-150k+ethylene at 140°C and 180°C.
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Figure 5-9 illustrates the effect of EO molecular weight on the cloud-point 
pressure. As expected, increasing the molecular weight of EO increases the cloud- 
point pressure. While both SAFT and SAFT1 correctly capture the slope o f the 
molecular weight effect, they are slightly off in predicting the extent o f the cloud- 
point pressure shift for EO-13-20k. This is also attributable to the polydispersity of 
EO-13-20k (Mw/M„ = 2.3).
Only U-LCST type behavior is observed experimentally for the EO+ethylene 
systems in this study. In order to understand how the molecular weight of EO may 
change the slope o f the U-LCST curve, we simulate the cloud-point pressures for 
fictitious low-molecular-weight polymers, e.g. EO-14-15k and EO-14-1.5k with 
SAFT. The results are shown in Figure 5-10. The decrease in molecular weight not 
only reduces the cloud-point pressure (by a factor o f three in going from EO-14-150k 
to EO-14-1.5k), but it also changes the slope of the cloud-point curve from UCST to 
LCST.
Increasing the branch density enhances the polymer-solvent miscibility that is 
observed as decreasing cloud-point pressure, for example, as reported by Chen et al 
(1999). The same trend is observed in this study, as shown in Figure 5-11 even 
including EO-0-30k with its Mw being on the low side. One way to explain it is that 
increasing BD decreases the density difference between the polymer and solvent. 
Figure 5-12 shows the extent of the BD effect on the cloud-point pressure for four 
polymers having the same MW (150k) but differing in BD from 0 to 60. The BD 
effect levels off upon further increase in BD, as it is shown in Figure 5-13. As the 
BD increases from 0 to 30, the cloud-point pressure decreases from about 1700 to
118
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Figure 5-9. Experimental and calculated, from SAFT and SAFT1, P-T phase 
boundaries for EO-13-20k and EO-14-l50k+ethylene at 0.1 polymer fraction.
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Figure 5-10. Experimental and calculated, form SAFT — Polymer MW effect.
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Figure 5-11. Experimental and calculated, from SAFT and SAFT1, P-X phase 
boundaries for E0-0-30k, EO-4-80k, EO-8-120k and EO-14-150k+ethylene at 0.1 
polymer fraction.
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Figure 5-12. Experimental and calculated, from SAFT — BD effect.
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Hexane Branch Density in EO-X-I50k
Figure 5-13. Cloud-point pressure of EO in ethylene as a function of hexane BD in 
EO-X-150k, where X is the BD, calculated from SAFT at 140°C and 0.1 polymer 
fraction.
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slightly above 1000 bar. Further increases in BD all the way to 100, however, 
decrease the cloud-point pressure only slightly below 1000 bar. Increasing BD 
beyond about 50 has no significant efiect on the cloud-point pressure.
Conclusions
The fluid-liquid pressures are measured for poly(ethylene-co-octene-1) 
solutions in supercritical ethylene and correlated with two SAFT equations of state 
up to 180 °C. These pressures are found to depend strongly on the molecular weight 
and branch density, but weakly on the polymer concentration in the range from 0.05 
to 0.15 polymer weight fraction. EO solutions in ethylene are found to exhibit U- 
LCST behavior.
Nomenclature
TREF = temperature rising elution fractionation
BD = branch density
EO = poly(ethylene-co-octene-1)
FL = fluid-liquid 
FS = fluid-solid
GPC = gel permeation chromatography 
LCST = lower critical solution temperature 
M„ = number averaged molecular weight (g'moT1)
Mw -  weight averaged molecular weight (gnnoT1)
T = temperature
UCST = upper critical solution temperature
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Xc = critical polymer concentration 
a assoc = association term 
a cham = chain term
a ”  -  dimensionless residual Helmholtz energy of chain molecules 
a srs -  segment term 
bb = backbone 
br = branch
ky = binary interaction parameter 
m = segment number 
u°/k = segment energy (K)
X = reduced range of potential well 
v°° = segment molar volume (mL'mol-1)
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Chapter 6 Fluid-Liquid and Fluid-Solid Phase Behavior of 
Poly(ethylene-co-hexene-l) Solutions in Sub- and Supercritical 
Propane, Ethylene, and in Ethylene+Hexene-1
Introduction
The crucial challenge in processing polymeric materials from solution is how 
to separate the solvent The sub-critical liquid solvents are separated from polymer 
either by evaporation at low pressures or by dilution with an antisolvent The 
supercritical solvents, on the other hand, can be separated by rapid expansion. Such a 
rapid-expansion separation is much faster and allows for a higher degree of 
flexibility in controlling the material morphology, for example, the shape and size of 
particles and pores. This rapid-expansion separation is applicable to supercritical- 
fluid and polymer pairs that exhibit complete miscibility. The pairs that do not 
exhibit a complete miscibility can be processed according to a hybrid approach: we 
dissolve the polymer in a sub-critical liquid solvent, but then, instead of evaporating 
the solvent, we pressurize the solution with a supercritical antisolvent to form the 
solid material.
In all these approaches, the final material morphology sensitively depends on 
the phase-diagram path and the rates of changing the pressure, temperature, and 
composition; from the initial solution to the solvent-free material. It is the choice and 
optimization o f this path that is the key to achieving a material of desired properties 
in a reproducible fashion. This, in turn, calls for understanding the solution phase 
behavior at high-pressures.
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A phase-behavior example o f a high-pressure polymer-solution system 
selected for this study is a linear polyolefin of variable crystallizability, 
poly(ethylene-co-hexene~1), EH for short, in three types of solvents: propane, an 
example of a sub- or supercritical solvent candidate for rapid-expansion processing, 
hexene-1, an example of a subcritical liquid monomer or solvent for conventional 
evaporation processing, and ethylene, an example of supercritical-antisolvent 
component in mixed solvents, for example, with hexene-1.
The phase behavior of polyolefin+alkane or polyolefin+olefin systems has 
been a subject o f previous studies (Folie 1995, Charlet 1981, Chen 1992, deLoos 
1983, Hasch 1993, Xiong 1994, Ehrlich 1963,1965). The emphasis of those previous 
studies was mostly on the fluid-liquid (FL) phase transitions. It turns out that, in 
order to develop a complete phase behavior picture, we also need semi-quantitative 
data, models, and phase diagrams including the fluid-solid (FS) phase transitions.
The goal of this work, therefore, is to generate experimental data and to 
develop first-pass correlations for the FL and FS transitions in EH solutions in 
propane, ethylene, hexene-1, and ethylene+-hexene-l. This is a preliminary study 
aimed at semi-quantitative models that can account for the polymer crystallizability 
and molecular weight, and for the solvent type and composition.
Generic Phase Diagrams
In order to understand the phase behavior of poly(ethylene-co-hexene-l) 
solutions in sub- and supercritical fluids, simple two-dimensional phase diagrams are 
usually helpful. Figure 6-1 shows two generic pressure-temperature phase diagrams: 
one for a monodisperse amorphous polymer-solvent system and one for a crystalline
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Figure 6-1. Generic P-T phase diagram for an amorphous (top) and crystalline 
(bottom) polymer solutions
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polymer-solvent system. In the case of the amorphous polymer system, if  the 
differences in molecular weight and density between the polymer and solvent are 
small, a pair of FL phase boundaries exists, the lower-critical-solution-temperature 
(LCST) boundary and the upper-critical-solution-temperature (UCST) boundary. As 
the degree of the molecular asymmetry between the polymer and solvent increases 
(as pointed by the arrow), however, the LCST and UCST curves approach each 
other, and eventually merge to form a single curve, the upper-lower-critical-solution- 
temperature (U-LCST) (Folie 1995) curve.
In the case of the crystallizable polymer system shown at the bottom of 
Figure 6-1, the phase behavior is more complex. LCST and UCST curves still exist, 
but the UCST curve or branch can be superseded by a FS boundary; the FS boundary 
merges then with the LCST boundary.
Experimental
The FL and FS phase equilibria are measured in a variable-volume batch 
optical cell equipped with a transmitted-light probe. The layout, apparatus, and 
experimental procedure are described in detail elsewhere (Chan 1998), so only a 
brief overview is given here. The phase transitions can be either observed visually on 
a video monitor, via a borescope, or detected using a transmitted-light probe. The 
accuracy for the pressure transducer is ± 0.5 bar, and is ± 0.1 °C for the temperature 
probe. A known amount of polymer and solvent is placed in the cell and well mixed 
until equilibrium is reached. The FL pressure, also referred to as the cloud-point 
pressure, is measured at constant temperature, and the FS temperature is measured at
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constant pressure. The cloud-point pressure is also characterized visually as being 
either o f the bubble- or dew-point type (Chan 1998).
The FL pressure is measured by lowering the pressure until the mixture turns 
cloudy, which sharply decreases the transmitted-light intensity. The result is then 
checked by raising the pressure until the mixture is completely clear. The difference 
is found to be insignificant (less than 2 bar). Therefore, the pressure at which the 
mixture turns cloudy is taken as the FL pressure in this study. The FS temperature is 
measured isobarically by both cooling and heating; during cooling, the solution turns 
cloudy, and during heating, the cloudy solution turns clear. Both the cooling and 
heating rates are kept less than l°C min'1 to minimize kinetic effects. The difference 
between the cooling- and heating-induced FS temperature is found to be around 10 -  
15 K. This is expected as suggested, for example, by Kohn et al. (1976) and Condo 
et al.(1992) The reason for this discrepancy between the cooling-induced and 
heating-induced FS temperature is a sub-cooling effect, which inhibits the nucleation 
of crystals in solution. The superheating effect, which inhibits the dissolution of 
crystals, is believed to be usually less significant and, hence, the heating-induced FS 
temperature is usually accepted as being closer to a true equilibrium FS temperature.
Materials
Four EH samples are used in this work. They all have a generic structure 
shown in Figure 6-2; the number o f side butyl branches (shaded segments) per unit 
backbone (blank segments) varies from sample to sample. These samples are 
characterized with differential scanning calorimeter (DSC), temperature rising 
elution fractionation (TREF) and gel permeation chromatography (GPC). Their
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Figure 6-2. Generic EH structure
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EH-0-120k* 0 0 120 1.19 134.1 119.0
EH-4-80k 10.6 4 80 1.52 106.1 90.9
EH-15-100k 35.0 15 103 2.14 - -
EH-15-140k 35.0 15 139 1.24 40.6 24.3
a. EH-0-120k = NIST SRM1484
b. Th = heating-induced temperature, Tc = cooling-induced temperature
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properties are given in Table 6-1. These samples have polydispersity index around 2 
or less. They are coded in terms of the branch density (BD) and the weight-averaged 
molecular weight (Mw); the first number in the sample code is BD and the second 
number is Mw- BD is defined as the number of branches per 100 ethyl units in the 
polymer backbone, and hence it is a measure of the comonomer incorporation. The 
sample coded EH-0-120k is used in this study as a branch-free, limiting case for EH. 
It is a linear polyethylene fraction with a narrow molecular weight distribution 
purchased from the National Institute of Standards and Technology (NIST), 
designated as the Standard Reference Material (SRM) o f 1484. EH-4-80k is a cross- 
fractionated sample: first fractionated with respect to crystallizability using 
preparative TREF in propane, then re-fractionated with respect to molecular weight 
using a pressure-increasing mode in supercritical propane. EH-15-140k is 
fractionated only with respect to molecular weight in supercritical propane, and EH- 
15-100k is used without fractionation or purification.
Ethylene (polymer grade, 99.9%  minimum purity), purchased from Matheson 
Gas Products, propane (instrument grade, 99.5% minimum purity), purchased from 
Praxair, and hexene-1 (99+% purity), purchased from Sigma Chemical, are also used 
without further purification. To prevent the ethylene polymerization during the 
experiment, a small amount of butylated hydroxytoluene is added as an oxidation 
inhibitor as suggested by Spahl and Luft (1981).
Equation of State Correlation
The experimental data obtained in this work are correlated with two versions 
of the SAFT equations of state, SAFT (Huang 1990, Banaszak 1996) and SAFT1
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(Adidhanna 1998). SAFT is developed on the basis of an argon equation o f state for 
the segment term and a hard-sphere pair-correlation function for the chain term 
(Huang 1990), and extended to heterosegmented molecules, such as copolymers 
(Banaszak 1996). SAFT1 is developed on the basis of a perturbation theory of 
square-well fluids (Barker-Henderson’s perturbation theory) for the segment term 
and a square-well pair-correlation function for the chain term (Adidhanna 1998).
The dimensionless residual Helmholtz energy of chain molecules 5 “  in the 
SAFT equation of state can be expressed as
+ a d*m + a aaoc (6- 1)
where a seg is the segment term that accounts for non-ideality of the reference fluid 
o f non-bonded chain segments (monomers), a cham is the chain term that accounts for 
covalent bonding and a assoc is the association term that accounts for the association 
such as hydrogen bonding. Since tbe systems examined in this work do not exhibit 
specific interactions that can lead to association, we set o 3™" equal to zero.
The parameters for both versions of SAFT are the segment number m, the 
segment molar volume v°° in mL mol'1, and the segment energy u°/k in K. SAFT1 
also requires an extra parameter X, which is the reduced range of the potential well. 
All the parameter values used in this work are given in Table 6-2. The detailed 
description of the theory and equations are not presented here because they can be 
found in references (Huang 1990, Banaszak 1996) for SAFT and in reference 
(Adidharma 1998) for SAFT1. Although the polymers used in this work are
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Table 6-2. SAFT and SAFT1 parameters for polymers and solvents





Ethylene 1.464 18.157* 212.060* n/a
Propane 2.696 13.457* 193.030* n/a
Hexene-1 4.508 12.999* 204.710* n/a
SAFT EH-0-120k 4688.728 12.0* 210.0* n/a
EH-4-80k 2468330 12.0 12.599 210.0 195.110 n/a
EH-I5-I00k 2235.095 12.0 12.599 210.0 195.110 n/a
EH-15-I40k 5206.509 12.0 12.599 210.0 195.110 n/a
Ethylene 1.383 14.496 146.824 1.7372
Propane 1.667 16.747 193323 1.6914
Hexene-1 2.509 21.339 225.578 1.6922
SAFT1 EH-0-l20k 2388.800 25307 281.985 1.6542
EH-4-80k 1257.682 25.203 19.609 281.926 210.600 1.6542 1.6797
EH-15-100k 1138.867 25302 19.609 281.913 210.600 1.6542 1.6797
EH-15-140k 2652.570 25308 19.609 281.991 210.600 1.6542 1.6797
a. For solvents and polymer without branches, there is only one u°/k, v°° and X for 
the entire molecule.
135
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
polydisperse, they are approximated in our SAFT and SAFT1 calculations as 
monodisperse pseudo-components.
For small molecules, like ethylene, the pure-component parameters are 
obtained by fitting experimental vapor pressure and liquid density data. For 
polymers, like EH, the pure-component parameters are obtained by dividing the 
polymeric chain into suitable segments, and estimating segment parameters. For 
example, EH is divided into two types of segments, the backbone type and the 
branch type, as shown in Figure 6-2, which are connected with three types of bonds, 
backbone-backbone, backbone-branch, and branch-branch. Each segment type has a 
unique set of SAFT parameters. The parameters for the backbone-type segments are 
obtained from a correlation developed for long n-alkanes (Huang 1990,1991, 
Adidharma 1998). For the sake of simplicity, the four carbon side branch are 
assumed to have the same parameters as n-butane. Both SAFT and SAFT1 also 
require the segment and bond fractions for each polymer. Our previous work 
describes in detail how to calculate these fractions for ethylene-copolymer (Chan 
1999). Their values for EH are given in Table 6-3.
One binary interaction parameter, k jj ,  is fitted to a few experimental data. In 
this work, k y  is allowed to be temperature dependent; empirical k y  correlations are 
shown in Table 6-4. These correlations are used for all the other calculations in this 
work without further readjustment, so all the other calculation results represent 
predictions, and not fitting.
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Table 6-3. Bond fractions and segment fractions for polymers









EH-0-120k 1 0 0 1 0
EH-4-80k 0.929 0.053 0.018 0.929 0.071
EH-15-100k 0.767 0.058 0.175 0.767 0.233
EH-15-140k 0.767 0.058 0.175 0.767 0.233
a. bb-bb = backbone to backbone, bb-br = backbone to branch, br-br = branch to 
branch
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Table 6-4. Binary interaction parameter ky as an empirical function of temperature
k y Correlation System fitted T range K
SAFT
kbacfcbone-propane 0.0218 EH-O-120k + propane1 393-403
kbranch-propane 0.005 EH-4-80k + propane 373-453
kbackbone-ethylene 0.064 +1 x 10-*{T -  403.15) EH-0-30k + ethylene1* 403-453
kbranch-ethylene 0.056+2.5x 10"5 (r -3 9 3 .15) EH-15-100k + ethylene 393-453
kbackbone-hcxcne O.UO-5.l85xlO“4r  + 6.691xlO'7r 2










kb  ackbonc-propane 0.0058 - 6 x l0 -5(T-393.15) EH-0-120k + propane1 393-403
kbranch-propane -0.018 EH-4-80k + propane 373-453
kbackbone-ethylene 0.0204—8 xIO-5 (7*-403.15) EH-0-30k + ethylene1* 403-453
kbranch-ethylenc -0 .015+ 5x l0 -5( r -393.15) EH-15-100k + ethylene 393-453
kbackbone-hexene O .O T S -S ^ x IO ^ r + S ^ x lO -7/ ’2 EH-0-I20k + (50/50) 
ethylene + hexene-l
393-453
kbranch-hexene (r-3 9 3 .15) 




a. Data from Condo et al. (1992)
b. Data from Chan et al. (1999)
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Results and Discussion
All the experimental data obtained in this work are given in Appendix 3 and 
some are plotted in the figures. In all the figures, unless specific legends are given, 
filled symbols mean the FL pressure, open symbols mean the heating-induced FS 
temperature, solid curves are calculated from SAFT, and dashed curves are 
calculated from SAFT1.
Figure 6-3 shows a plot illustrating the effect of EH concentration on the 
phase behavior. We find that the EH concentration has a relatively weak effect on the 
FL pressure and FS temperature in the range of this study. Another way to present 
the phase behavior is to plot the FL pressure at constant temperature in pressure- 
concentration coordinates, as shown in Figure 6-4. The FL pressure curves are found 
to be flat near the critical polymer concentration, which is characteristic of polymer 
solutions. The approximate critical polymer concentration is experimentally found to 
be between 0.05 and 0.15 polymer weight fraction. SAFT and SAFT1 underestimate 
the critical polymer concentration. This is expected because both SAFT and SAFT1 
crudely approximate EH as being monodisperse, and hence do not account for the 
actual differences in polydispersity. In general, the higher the polydispersity index, 
the greater the critical-point shift toward the higher polymer concentrations (Folie 
1995); the critical point no longer coincides with the maximum of the cloud-point 
curve.
One can also plot the FS temperatures at constant pressure in temperature- 
concentration coordinates, as shown in Figure 6-5. Both heating- and cooling- 
induced FS temperatures are reported in Figure 6-5. In general, as expected, the FS
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Figure 6-3. P-T phase diagram for EH-4-80k+propane
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Figure 6-4. P-X phase diagram for EH-4-80k+propane. Solid line is calculated with 
SAFT and dotted line is calculated with SAFT1 at 180 °C
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Figure 6-5. T-X phase diagram for EH-4-80k+propane
0.20
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temperature increases with increasing EH concentration. Also, as usual, the heating- 
induced FS temperatures are systematically higher than those induced by cooling (by 
about 10 degrees). The difference is due to the sub-cooling effect of the crystal 
formation during cooling, as it is explained earlier. Moreover, the FS temperature 
increases with increasing pressure.
Figure 6-6 illustrates the effect of molecular weight on the phase behavior. In 
general, the FL pressure increases with increasing molecular weight. That is not the 
case in Figure 6-6. The FL pressure of EH-15-100k is slightly higher than that of 
EH-15-140k by about 8 bars. We attribute this to the higher polydispersity (PI) of 
EH-15-100k, which has a PI of 2.14; the number-average molecular weight of EH- 
15-100k is about 220 kgmol'1, which is higher than that of EH-14-i00k (about 170 
kg-mof1). By the way, this finding suggests that one should perhaps use the number- 
average molecular weight in calculations, and not the weight-average molecular 
weight, as it is commonly done, including this work. Therefore, both SAFT and 
SAFT1 capture the slope of cloud-point curves but do not account for the 
polydispersity effect. We also find that the difference in the FL pressures for both 
EH is insignificant. This is expected when the molecular weight of polymer is large.
In order to explore how the MW affects the FL pressure over a boarder MW 
range, we simulate with SAFT the FL pressure as a function of EH weight-average 
MW at constant temperature, BD and polymer composition, as it is shown in Figure 
6-7. The lower the MW, the greater its effect on the FL pressures.
Figure 6-8 illustrates the effect of BD on the phase behavior. The FL pressure 
decreases with increasing BD; increasing BD from 4 to 15, for example, increases
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Figure 6-6. P-T phase diagram for EH-15-100k and EH-15-140k+propane at 0.15 
weight fraction polymer
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Figure 6-7. SAFT simulation of molecular weight effect on the FL pressure for EH- 
4-x+propane at 180 °C
145














500 100 150 200
Temperature (°C)
Figure 6-8. P-T phase diagram for EH-4-80k and EH-15-100k+propane at 0.15 
weight fraction polymer
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f
the FL pressure by about 70-100 bar. Both SAFT and SAFT1 represent these 
experimental findings quantitatively. We also simulate with SAFT the FL pressure as 
a function of the weight percent hexene-1 incorporated in EH, a simple function of 
BD; an example is plotted in Figure 6-9.
Figure 6-8 also reports the experimental FS temperature for EH-4- 
80k+propane; however, the FS temperature for EH-15- 100k is not measured because 
it is below the room temperature (about 23 °C) in this case. The measured FS 
temperatures seem to decrease with increasing BD, which is consistent with the trend 
reported by Chan et al. (1999) No attempt is made to calculate the FS temperature 
with SAFT in this study, because it requires more FS data for polymers with 
different BD (Chan 1999).
Figure 6-10 shows the effect of the solvent type on the phase behavior of EH- 
4-80k and EH-15-100k in ethylene and propane. For example, replacing propane 
with ethylene as a solvent for EH increases the FL pressure by about 1000 bars and it 
causes the LCST-type behavior for propane to become an UCST-type behavior for 
ethylene. This is consistent with the trend induced by the size difference between the 
polymer and solvent suggested by Folie and Radosz (1995). Also worth noticing in 
Figure 6-10 is a large shift in the FL pressure in going from EH-4-80k to EH-15- 
100k in ethylene, relative to propane; BD seems to have a greater impact on the FL 
pressure in ethylene.
Figure 6-11 illustrates the antisolvent effect of ethylene on the FL pressure 
and FS temperature for EH-4-80k in a series o f ethylene+hexene-1 solvents, from 
pure hexene-1 (0 Eth) to pure ethylene (1 Eth), where the numbers preceding Eth
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Figure 6-9. SAFT simulation o f BD effect on the FL pressure for EH-x-80k+propane 
at 180 °C
148
















Figure 6-10. P-T phase diagram for EH-4-80k and EH-15-1 OOk+propane and 
+ethylene at 0.15 weight fraction polymer
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Figure 6-11. P-T phase diagram for EH-4-80k+ethylene+hexene-l at 0.15 weight 
fraction polymer
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indicate the ethylene weight fraction on a polymer-free basis. Increasing the ethylene 
concentration in the solvent mixture increases the FL pressure. For example, in going 
from pure hexene-1 to 0.32 ethylene, the FL pressure increases by about 450 bars. A 
further addition of ethylene to 0.5 shifts the FL pressure by about 300 bars and it 
shifts the FL behavior from LCST to UCST. Both SAFT and SAFT1 quantitatively 
represent these findings. Since the FL pressure in hexene-1 is too low to measure 
accurately in this project, we calculate it with SAFT. The results for the whole 
solvent range are shown in Figure 6-12. We find that ethylene has a strong 
antisolvent effect on the FL pressure; for example, increasing the ethylene 
concentration from 0 to 1.0 increases the FL pressure by nearly 1400 bar.
Increasing the ethylene concentration in the solvent mixture, however, is 
found to depress the FS temperature by a few degrees. For example as shown in 
Figure 6-11, the FS temperature in pure hexene-l is 103 °C. An addition of ethylene 
to 0.5 weight fraction (polymer-free basis) shifts down the FS temperature by about 
5 °C. For the record, for pure ethylene, no FS temperature can be observed because 
it is shifted to temperatures below the FL temperatures, at least in our pressure range 
(up to about 2000 bar).
To recapitulate, we simulate with SAFT the FL pressure surfaces as a 
function of weight percent incorporated hexene-1 and another system variable, all at 
180 °C. That other system variable is MW for the EH+propane example shown in 
Figure 6-13, and it is ethylene weight fraction in solvent (polymer-free basis) for the 
EH+ethylene+hexene-1 example shown in Figure 6-14. The space above each 
surface is the one-phase space. In Figure 6-13, a combination of high MW and low
151













5 0 0 -
0.0 0.2 0.60.4 0.8 1.0
Ethylene weight fraction in solvent mixture 
(polymer free basis)
Figure 6-12. SAFT simulation of solvent ratio effect on the FL pressure for EH-4- 
80k+ethylene+hexene-l at 180 °C
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0.15 EH-x-y in Propane atT = 180°C
Figure 6-13. 3D SAFT simulation of wt % hexene-1 incorporated in EH and 
molecular weight effect on the FL pressure for EH-x-y+propane at 180 °C
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0.15 EH-x-80k in Ethylene + 1-Hexene at T = 180°C
Figure 6-14. 3D SAFT simulation o f wt % hexene-1 incorporated in EH and solvent 
ratio effect (ethylene wt fraction) on the FL pressure for EH-x-80k in 
ethylene+hexene-1 at 180 °C
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incorporated-hexene-1 percent (low BD) results in the highest FL pressure. The FL 
surface is relatively flat except in the low-molecular-weight region, where the FL 
pressure decreases dramatically. In Figure 6-14, a combination of the high ethylene 
concentration and low incorporated-hexene-1 percent (low BD) results in the highest 
FL pressure. The FL surface is much steeper in this case, which illustrates the very 
high sensitivity of the FL pressure to the ethylene concentration in the solvent 
mixture.
Conclusions
The effects of the EH concentration, MW, BD, solvent type and solvent 
composition on the FL pressure and FS temperature of EH in propane and, 
separately, in ethylene+hexene-1 are measured and calculated at temperatures up to 
180 °C and at pressures up to 1400 bar. The EH concentration and MW are found to 
have a relatively weak effect. The EH BD has a stronger effect; it tends to decrease 
both FL pressure and FS temperature. Furthermore, the FL pressure is found to 
depend strongly on the solvent type and composition; it is found to increase with 
increasing ethylene concentration. Both SAFT and SAFT1 are found to capture these 
trends.
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Chapter 7 Conclusions and Recommendations
Conclusions
Phase equilibria of polyethylene and ethylene-copolymers in sub- and 
supercritical solutions are investigated in this work. FL and FS phase transitions data 
are measured for tetracontane, a probitype of linear polyethylene, in sub- and 
supercritical propane, EH in sub- and supercritical propane and ethylene+l-hexene 
mixture, and EO in sub- and supercritical propane and ethylene. The experiments are 
carried out in a batch optical cell equipped with a light-scattering probe. The 
experimental data are correlated and predicted using two versions of the SAFT 
equation o f state.
In the case of tetracontane + propane, increasing the n-alkane concentration 
and increasing pressure are found to increase the FS transition temperature. Also, 
increasing the n-alkane MW is found to increase the FL transition pressure. The 
SAFT predictions are found to be in a reasonable agreement with the experimental 
data for both FL and FS transitions.
For EH, both EH concentration and MW are found to have a relatively weak 
effect on the phase behavior. The FL pressure and FS temperature are found to 
decrease as BD increases. The FL pressure is also found to depend strongly on the 
solvent type. When the ethylene concentration increases in EH+ethylene+hexene-1 
mixtures, the FL pressure is found to increase, whereas the FS temperature is found 
to decrease.
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For EO+propane, the EO concentration is found to have a weak effect on 
both FL and FS transitions in the range of 0.01 to 0.1 polymer fraction. Increasing 
EO MW is found to increase both FL and FS transitions, whereas increasing EO BD 
is found to decrease both transitions in EO+propane system. Only FL, cloud-point 
pressure, is measured for EO+ethylene. Furthermore, the FL pressure is found 
strongly depended on MW and short-chain BD, but weakly on polymer 
concentration in the range from 0.0S to 0.15 polymer fraction. EO solutions in 
ethylene are found to exhibit U-LCST only. Once again, SAFT calculations are 
found in reasonable agreement with the experimental data.
Recommendations
Most of the polymers used in this work are relatively uniform in both 
molecular weight and branch density distribution. However, the distribution of 
several samples is still broad, especially some samples used to correlate the 
parameters in the equation of state, for example, EO-14-120k and EH-15-70k. 
Ideally, for the purpose of parameter estimation in an equation of state, uniform 
samples should be used. The same parameters are then used to calculate polymer 
systems with relative non-uniform distribution. Uniform polymer samples can be 
achieved by fractionation, either with respected to molecular weight or branch 
density or both. We have a supercritical fluid fractionation unit in our laboratory; 
however, more work is needed to be done for complete operation of the unit.
In Chapters 4 and 6, F-S transitions are measured experimentally for EH and 
EO in propane and in ethylene + 1-hexene mixtures. With the limited variability of 
polymer samples, we only calculate the F-S transitions for EO with different branch
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density in propane using SAFT, as shown in Chapter 4. No attempts are made to 
calculate other F-S transitions, which requires uniform polymer samples with 
different properties, say, molecular weight and branch density. As we mention in 
Chapter 4, the F-S model requires parameter c, which is a function of many factors, 
for example, branch density, molecular weight, solvent ratio, solvent type, and so 
for. A more complete and systematic study with uniform polymers is therefore 
necessary to derive better models for the F-S calculations since the area of F-S phase 
behavior for polymer at high pressure is still poorly understood.
In order to improve the quality of the experimental data, several 
modifications in the existing equipment will be necessary:
1. A more sophisticated temperature controlling system will improve the accuracy 
of the F-S transition temperatures. In particular, a system composed o f a 
temperature controller with ability to control the temperature-changing rate, a 
small heat exchanger with both heating and cooling media and well-insulated 
jacket. In this study, the F-S transition temperatures are measured at very slow 
rate for both cooling and heating to minimize the kinetic effect. However, we 
cannot control the specific rate of heating and cooling, which may have 
significant effect on the F-S transitions. Moreover, the F-S transition 
temperatures may be below room or sub-zero temperatures, especially for 
polymer with high branch density. The batch cell can measure those transitions 
with the proposed heat exchanger installed and uses a cooling media, such as 
ethylene glycol, to cool the mixture.
158
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2. The pressure limit for the existing batch cell is around 2000 bar. Phase equilibria 
data beyond the pressure limit could not be measured at this stage. Increasing the 
pressure limit will give us a better understanding of the phase behavior at higher 
pressure. One example is the F-S transition temperature at high pressure. F-S 
curve shows a slightly positive slope in the work. If the pressure limit of the cell 
is improved to, say 4000 bar, the slope of the F-S curve can be further confirmed.
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Appendix 1. Proof of the Second Term in the Denominator of Eq (3-1) Being
Negligible




r n  N
k T
16jc2<b\H . 2+ -------- }— sin
ArFA2 (!)
(Al-1)




O ; —  
2 kT
T - T 16;r / n
where C ,=
4k 2VsoK  
R 2 A4
(A 1-2)
H/Q is the ratio of energy interaction between mixture with composition fluctuation 
and that without fluctuation. It can be given as /2/6 where / is the range of molecular 
interaction between two molecules or Debye interaction parameter. / is defined by 
the relation:
r 2e (r)d r  
J s{r)dT
(Al-3)
£ is the potential energy between two molecules which separates by a distance o f r. r 
can be ranged from the molecule diameter to infinity.
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Therefore, the equation is further reduced to:
[jL —C  * __
T  ~  2l o 1
(Al-4)
r - r . 16>r2 ( I z '
.H ere C,
* 2a4o 2q
By comparing the two terms in the denominator, it can be shown that the second 
term is insignificant. At small angle, the second term is small and can be neglected 
because the sine o f zero angle is zero. However, if the angle is not close to zero, e.g. 
30 and 90 degrees, the second term still can be neglected as long as the value of T-Tc 
is greater than the value shown in the following table.
Assumptions: Range of Debye interaction parameter, /: S Angstroms to SO
Angstroms
Range of scattered angle, 0: 30° to 90°
Wavelength of light« 5500 Angstroms (Green He-Ne Laser)
0 (degree) /(Angstrom) (16*7c2/A2y/2/6Xsin20/2) T-TC(K) ifTc=300K~
30 5 1.46e-6 4.38e-4
90 5 1.08e-5 3.24e-3
30 25 3.64e-5 10.92e-3
90 25 2.72e-4 81.6e-3
30 50 1.46e-4 0.0438
90 50 1.08e-3 0.327
It can be seen that if  I is not very large, T-Tc is small (<1K). That means the second 
term is insignificant and can be neglected.
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Appendix 2. Calculating Branch Density, Segment and Bond Fractions
Branch density = the number of branches per 100 ethyl units in backbone 
In EH copolymer, branch density =
__________________ weight fraction o f  hexenef MW o f hexene__________________
weight fraction o f  hexene! MW o f  hexene+weight fraction o f  ethylene! M W  o f ethylene
0 _ _ . . . . the number o f segments o f  type A in  chainSegment fraction o f type A in chain = ----------------—  ----------------------------
the total number o f  segments in chain
Therefore,
Segment fraction o f the branch-type segments in EH =
number o f  carbons in branch x branch density 
[ 2 0 0 + ( number o f  carbons in branch) x  branch density]
Segment fraction o f backbone in EH = 1- segment fraction of branch in EH
thenumber o f bonds o f  type AB in chainBond fraction of type AB m chain = ---------------------    - —-----------
the total number o f  bonds in chain
Therefore,
Bond fraction of the backbone-branch type in EH =
number o f  branches per 100 carbons 
number o f  bonds per  100 carbons
{ 100 x branch density 1
[200+(number o f  carbons in branch)x branch density] J
100
Bond fraction of the branch-branch type in EH = [(number of carbons in branch)-1] x
bond fraction of the backbone-branch type in EH
Bond fraction of the backbone-backbone type in EH = 1 — bond fraction in 
backbone-branch in EH — bond fraction in the branch-branch type in EH
167
xl00
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



































180.0 511 FL (BP)
140.0 504 FL (BP)








140.0 423 FL (BP)
99.9 397 FL (BP)






Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




40.1 390 FL (DP)
(0.152) 180.0 437 FL(BP)
140.0 415 FL(BP)











EH-0-120k 182.5 730 FL
(0.147) 172.1 730 FL




EH-4-80k 180.0 1389 FL(BP)
(0.148) 160.1 1460 FL (BP)
(1.0 Eth) 140.0 1545 FL (BP)
120.1 1680 FL (BP)
(0.149) 180.2 651 FL(BP)
(0.5 Eth) 150.0 665 FL(BP)







(0.139) 180.1 446 FL(BP)
(0.32 Eth) 150.0 451 FL(BP)











(0.150) 101.8 200 FS*





EH-15-100k 180.0 1210 FL(DP)
(0.05) 170.0 1229 FL(DP)





(0.10) 180.0 1208 FL(BP)






(0.15) 180.0 1194 FL(BP)
(1.0 Eth) 170.0 1187 FL (BP)
160.0 1198 FL(BP)
150.0 1215 FL(BP)
140.0 1236 FL (BP)
130.0 1261 FL (BP)
120.0 1294 FL(BP)
(0.14) 180.0 577 FL (BP)
(0.53 Eth) 160.0 562 FL (BP)
140.0 557 FL(BP)
120.0 557 FL(BP)
a. FL(DP) = fluid-liquid (dew point), FL(BP) = fluid-liquid (bubble point), FS* = 
fluid-solid upon heating, FS = fluid-solid upon cooling
b. Ethylene weight fraction is in polymer free basis
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